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ABSTRACT Staphylococcal nuclease (SNase) catalyzes the hydrolysis of DNA and RNA in a calcium-dependent fashion. We
used AFM-based single-molecule force spectroscopy to investigate the mechanical stability of SNase alone and in its complex
with an SNase inhibitor, deoxythymidine 30,50-bisphosphate. We found that the enzyme unfolds in an all-or-none fashion at
~26 pN. Upon binding to the inhibitor, the mechanical unfolding forces of the enzyme-inhibitor complex increase to ~50 pN.
This inhibitor-induced increase in the mechanical stability of the enzyme is consistent with the increased thermodynamical
stability of the complex over that of SNase. Because of its strong mechanical response to inhibitor binding, SNase, a model
protein folding system, offers a unique opportunity for studying the relationship between enzyme mechanics and catalysis.
INTRODUCTION
Staphylococcal nuclease (SNase) is produced as an extracel-
lular nuclease by certain strains of Staphylococcus aureus.
It digests both DNA and RNA to oligo- and mononucleo-
tides. SNase is a small globular protein composed of 149
amino acids forming three a-helices and five b-strands.
Due to the absence of disulfide bridges, its thermodynamical
stability, and small molecular weight (16.8 kDa), it has been
a model system in protein-folding research (1–4). SNase
shows both exo- and endo-50-phosphodiesterase activities
(3–7). The optimum pH range is between 8.6 and 10.3 and
the enzyme activity varies inversely with Ca2þ concentra-
tion. Regardless of the pH level, a quite high Ca2þ concen-
tration of ~0.01M, is typically required. The enzyme attacks
phosphodiester bonds yielding a free 50-hydroxyl group and
a 30-phosphate monoester (4–7). Its best-known inhibitor is
pdTp (deoxythymidine 30, 50-bisphosphate) (4–11).

Interestingly, the thermodynamical stability of SNase
increases after binding pdTp and calcium (4,12), which
seem to stabilize the enzyme structure in the key region
around the enzyme active site, near the b-barrel (13). Also,
Taniuchi et al. (14) proposed that pdTp-induced resistance
of staphylococcal nuclease against proteolysis results from
its structural rigidification. In this report we hypothesize
that (pdTp)-Ca2þ acts like a clamp mechanically bridging
enzyme’s domains around the active site. Therefore, we
anticipate that not only the thermodynamical, but also the
mechanical stability of SNase, increases significantly upon
binding of this inhibitor. To verify this conjecture we use
AFM-based single molecule force spectroscopy (15–27) to
directlymeasuremechanical unfolding forces of SNase alone
and in the complex with (pdTp)-Ca2þ. Our results demon-
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strate that the insertion of the nucleotide inhibitor signifi-
cantly enhances the mechanical stability of the enzyme.
MATERIALS AND METHODS

Protein engineering and expression

A chimera protein composed of three SNase domains and four I27 domains

of titin was constructed following the methods described previously (28).

In this (I27-SNase)3-I27 construct, shown schematically in Fig. 1 a, the

I27 domains serve as pulling handles and as a force spectroscopy reference

for identifying single-molecule recordings (18,24,27–31). Staphylococcal

nuclease (residues 1–149) was cloned into the pAFM1-8 vector (kindly

provided by Dr. Jane Clarke) at positions 2, 4, and 6. The Strep-Tag II,

WSHPQFEK, was synthesized and cloned into the pAFM1-8 plasmid at

position 8 and was used for protein purification. The expression plasmids

were transformed into Escherichia coli OverExpress C41 cells (Cat. No.

60442; Lucigen, Middleton, WI). The polyprotein (I27-SNase)3-I27

was expressed for 3 h at 37�C in the presence of 0.2 mM IPTG. Proteins

were purified with a Strep-Tactin Sepharose column (Cat. No. 2-

1202-001; IBA BioTAGnology, Göttingen, Germany) and eluted with

Strep-Tag elution buffer (pH 8.0; IBA BioTAGnology) containing

2.5 mM desthiobiotin, 100 mM Tris-Cl, and 150 mM sodium chloride.

Proteins were determined to be >95% pure by sodium dodecyl-sulfate

polyacrylamide gel electrophoresis analysis.
Enzymatic activity of SNase
in the (I27-SNase)3-I27 construct

To verify that SNase, when flanked by I27 domains of titin in the

(I27-SNase)3-I27 construct, maintains its enzymatic activity, we incubated

the chimera protein with 1.5 kbp DNA and performed gel electrophoresis of

the reaction products. Fig. 2 shows the results of this experiment. The lack

of DNA fragments in lane 2 clearly indicates that the DNAwas efficiently

digested into fragments that are too small to be resolved by the gel. In lane 3

we show the products when the reaction was carried out in the presence of

SNase inhibitor pdTp. It is evident that although SNase retains some

activity under these conditions, this activity is significantly reduced in the

presence of the inhibitor. Taken together, these results indicate that SNase

in the (I27-SNase)3-I27 construct performs its function; therefore, it must

be correctly folded.
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FIGURE 1 (a) Simplified structure of the chimera protein (I27-SNase)3-

I27. (b) Representative unfolding force-extension traces of (I27-SNase)3-

I27, the stretching speed of 200 nm/s. The AFM data are fitted with two

families of WLC curves: the fits to small force peaks used the contour length

incrementDLc¼ 46.5nmand the persistence lengthp¼0.57nm(short dashed

lines); the fits to the large force peaks usedDLc¼ 28nmand p¼ 0.36 nm(long

dashed lines). (c) Histogram of unfolding forces of SNase domains. (Solid

line) Gaussian fit to the data with hFunfoldingi ¼ 26.3 5 0.5 pN (mean 5

SE), the number of force peaks analyzed, n¼ 108). (d) Histogram of contour

length increments DLc, attributed to the unfolding of SNase. (Solid line)

Gaussian fit with hDLci ¼ 47.05 0.2 nm (mean5 SE, n ¼108).

FIGURE 2 The enzymatic activity of (I27-SNase)3-I27 polyprotein

documented by gel electrophoresis. (Lane 1) Agarose gel stained with

ethidium bromide shows band of a DNA fragment in 1500 bp. (Lane 2)

SNase in the (I27-SNase)3-I27 construct maintains its enzymatic activity

against the DNA fragment and digests it completely. (Lane 3) The enzyme

activity is partially inhibited by pdTp. (Lanes M) Molecular weight markers

(Quick-Load 1 kB DNA ladder; New England BioLabs, Ipswich, MA).

DNAwas dissolved in the buffer (100 mMTris-HCI, 10mMCaCI2, pH 7.4).
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Sample preparation for AFM experiments

Purified protein solutions composed of 1.5 mg/mL of (I27-SNase)3-I27

were dialyzed in a solution containing 100 mM Tris-HCl buffer at the pH

of 7.4. 50 mL of a diluted protein solution (1–10 mg/mL) was incubated

on the gold substrate for 30 min at room temperature. For AFM stretching

measurements on the inhibited SNase, the protein solution was diluted with

the buffer that was supplemented with 200 mM inhibitor, deoxy-thymidine

30, 50-diphosphate (pdTp) (Toronto Research Chemicals, North York, On-

tario, Canada) and with 10 mM calcium. This composition allowed the

formation of SNase-pdTp-Caþ2 complex in the (I27-SNase)3-I27 chimera

protein. After incubation on gold substrate, the sample was washed 2–3

times with the same buffer and then used for pulling experiments. This

procedure is known to remove weakly-bound proteins but leaves proteins

that are nonspecifically adsorbed to a gold surface, allowing AFMmeasure-

ments to be conducted on them (32).
AFM-based single molecule force spectroscopy

All stretching measurements were carried out on custom-built AFM instru-

ments (32,33) equipped with an AFM detector head (Veeco Instruments,

Plainview, NY) and high-resolution piezoelectric stages from Physik Instru-

mente (Auburn, MA), equipped with capacitive or strain-gauge position

sensors (vertical resolution of 0.1 nm). The spring constant of the cantilever
was calibrated in solution using the energy equipartition theorem as

described (34). Proteins were picked up for stretching measurements by

gently touching the substrate with the AFM cantilever tip, allowing proteins

to adhere to its gold coating (32). Force-extension measurements were

performed with Biolevers cantilevers (OBL from Veeco Instruments;

typical spring constant, kc z 6 pN/nm) at the pulling speed of 0.2 nm/

ms, in solution, and at room temperature. To determine contour length

increments of the protein after forced-domains unfolding, the force peaks

in the force-extension curves were fitted with the worm-like chain

(WLC) model of polymer elasticity (35).
RESULTS AND DISCUSSION

SNase displays a unique mechanical unfolding
fingerprint

The thermodynamical stability and folding of wild-type
SNase and its numerous mutants alone and in complexes
Biophysical Journal 100(4) 1094–1099
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with inhibitors were thoroughly examined by bulk
methodologies (7,12,14,36–38). Because thermodynamical
stability of proteins does not always correlate with their
mechanical stability (39,40), it is difficult to predict whether
SNase, not being a protein with a clear mechanical function,
is mechanically stable. For new proteins, studying their
multiple tandem repeats in a single polyprotein may help
us to identify their mechanical fingerprint in the force-exten-
sion relationship (force spectrogram). In addition, it is
sometimes desirable to be able to compare their force spec-
trograms with the reference force spectrogram of a protein
that already has been mechanically well characterized.
Specifically for these reasons we engineered a chimera
protein, (I27-SNase)3-I27, in which three SNase modules
are flanked by the best mechanically characterized protein
so far, the I27 domain of titin (Fig. 1 a).

We checked that SNase is enzymatically active in this
construct (Fig. 2, and see Materials and Methods), and
therefore must be correctly folded. In Fig. 1 b, we show
typical force-extension curves obtained by stretching the
chimera protein in an AFM. It is evident that these force
extension curves can be divided into two regions. At low
protein extensions, two-to-three small, regular force peaks
of ~20–30 pN that are separated by ~47 nm (based on the
WLC fits to the data) are recorded. At higher extensions,
much larger force peaks of ~200 pN, separated by 28 nm,
are registered. The latter reports the mechanical unfolding
of individual I27 domains of titin (18,24).

Based on the design of the chimera protein, we conclude
that the small force peaks must report the mechanical
unfolding of individual SNase proteins in the polyprotein.
This conclusion is reinforced by the observation that
the spacing between these small force peaks is consistent
with the unfolded length of SNase. This contour length
increment-based argument is based on the following estima-
tion: each of the 149 amino acids of SNase contributes
0.365 nm (21) to the unfolded length of the polyprotein,
yielding 54 nm. The relaxed length of the folded SNase
(that contributes to the initial length of the polyprotein)
is ~4 nm. Thus, the expected increase in the contour length
of SNase upon its forced unfolding, DLC, is 54–4 nm ¼
50 nm—which is close to the WLC-obtained value of
47 nm.

In Fig. 1, c and d, we show the histograms of unfolding
forces and of DLC, determined by analyzing the small force
peaks in Fig. 1 b and other similar force extension curves.
From these histograms, the average unfolding force of
SNase determined at the stretching speed of 200 nm/s is

�
Funfolding

� ¼ 26:35 0:5 pN ðmean5 SEÞ;

the number of force peaks analyzed, n ¼ 108). The average
contour length increment is

hDLCi ¼ 47:05 0:2 nm ðmean5 SEÞ;
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and the number of force peaks fitted is n ¼ 108. Taken
together, these results indicate that SNase displays its

unique mechanical unfolding fingerprint that can be easily
differentiated from that of I27, which is characterized by
significantly higher unfolding forces (200 pN vs. 26 pN)
and a significantly shorter contour length increment
(28 nm vs. 47 nm).

It is somewhat surprising that SNase, despite its rich
b-strand content (five strands), unfolds at low forces that
are more typical of proteins composed primarily of
a-helices (Spectrin (41–43), repeat protein (23,29,44,45)).
A visual inspection of the SNase fold indicates that it may
be the C-terminal part of the protein, composed of a-helical
segments, that renders it mechanically weak. It seems that
the stretching forces applied to the N- and C-termini of
SNase may quite easily detach the two C-terminal a-helices,
exposing the hydrogen bonds within the b-barrel to unzip-
ping forces, which then easily break these bonds one by
one. This scenario, if true, would contrast the shear topology
of hydrogen bonds within the I27 domain, which must be
broken simultaneously, leading to high unfolding forces
(46–48). These speculations need to be substantiated by
steered molecular dynamics simulations of SNase, which
will clarify structural rearrangements within the protein
under force.
pdTp enhances the mechanical stability of SNase

pdTp in the presence of calcium was proposed to stabilize
and rigidify the enzyme’s structure around the active site
(4,12,14). We hypothesized that these interactions between
the inhibitor and the enzyme may also increase the enzyme’s
resistance to mechanical unfolding. To test this conjecture
we carried out single-molecule force spectroscopy measure-
ments on individual (I27-SNase)3-I27 molecules in the
presence of 200 mM pdTp and 10 mM calcium.

In Fig. 3 b, we show typical force-extension curves
obtained at the same 200 nm/s stretching speed that was
used during the measurements of SNase in the absence of
the inhibitor. As before (compare Fig. 1 b), the force curves
display two sets of force peaks. The large force peaks at high
extensions can be assigned to the I27 domains and the small
force peaks at low extensions are expected to report the
unfolding of SNase. This is verified by the analysis of the
contour length increment, DLC, upon SNase unfolding,
which at 46.3 5 0.2 nm (Fig. 3 d, n ¼142) remained prac-
tically unaffected by the presence of the inhibitor. We note
that the I27 force peaks are similar to those obtained in
the absence of inhibitor. However, the SNase unfolding
force peaks in the presence of the inhibitor increased to
50.7 5 1.5 pN (Fig. 3 c, number of force peaks analyzed,
n ¼ 142) as compared to 26.3 5 0.5 pN measured without
the inhibitor (Fig. 1 c). Thus, the binding of pdTp ad
calcium to SNase increases its mechanical stability almost
twofold.



FIGURE 3 The mechanical stability of staphylococcal nuclease

increases in the presence of its inhibitor, pdTp-Ca2þ. (a) Schematic of

the SNase-pdTp-Caþ2 complex in (I27-SNase)3-I27 polyprotein. (Inset,

left) Magnified structure of SNase with pdTp (shown on the right). (b)

Representative unfolding force-extension traces of (I27-SNase)3-I27 in

the presence of 200 mM pdTp, the stretching speed of 200 nm/s. The

AFM data is fitted with two families of WLC curves with DLc ¼
45.5 nm and p ¼ 0.6 nm (short dashed lines), and DLc ¼ 28 nm, p ¼
0.36 nm (long dashed lines). (c) Histogram of unfolding forces of SNase

domains in the presence of pdTp. (Solid line) Gaussian fit to the data

with Funfolding ¼ 50.7 5 1.5 pN (mean 5 SE, n ¼ 142). (d) Histogram

of DLc, attributed to the unfolding of SNase (in the presence of pdTp).

(Solid line) Gaussian fit with DLc ¼ 46.35 0.2 nm (mean5 SE, n ¼142).

FIGURE 4 (a) A comparison of typical force-extension unfolding traces

of SNase domains without (low force peak) and with (high force peak)

pdTp present. (b) Detail of active site in SNase-pdTp-Ca2þ complex from

PDB ID 2SNS, drawn by PyMOL (DeLano Scientific, South San Francisco,

CA). The surface model shows that the thymine ring of pdTp fits well into

a hydrophobic pocket formed by four major residues (left). (Solid dotted

lines) Hydrogen bonds or metal interactions between pdTp and Ca2þ and

the residues around the active site (right) (4).
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What is the origin of this increased mechanical stability
of SNase?

Studies of crystal structure of the staphylococcal
nuclease-pdTp complex revealed extensive interactions
between the inhibitor, pdTp, calcium, and the active site
of the enzyme (Fig. 4 b) (4).

First, the thymine ring of pdTp fits well into a hydro-
phobic pocket, formed by Tyr115, Tyr 113, Leu89, and Asp83.

Second, Arg35, on the one hand, forms a pair of hydrogen
bonds with the 50 phosphate, and on the other hand, forms
two additional hydrogen bonds with Leu36 and with Val39.

Third, similarly, Arg87 forms a pair of hydrogen bonds
with the 50 phosphate and also interacts either with Tyr85

or Gly86 or with both.
Fourth, the 50-phosphoryl-oxygen atom of pdTp directly

interacts with the calcium ion (Fig. 4 b).
Fifth, Asp40, Val41, and Asp21 are also involved in the

complex with calcium (4). Thus, calcium seems to mediate
the interactions between the enzyme and the inhibitor
(5,6,8,9). However, the binding of calcium alone does not
seem to stabilize SNase mechanically (data not shown). In
that regard the effect of calcium is different from the me-
chanically stabilizing effect of nickel ions which were found
to directly clamp engineered bihistidine residues in GB1
protein (17,49).

Sixth, three water molecules are inserted at the interface
between pdTp and the active site of the enzyme, two directly
as calcium ligands, and one as a bridge between Glu43 and
50-phosphoryl-oxygen (4).

Taken together, all these observations indicate that the
pdTp, specifically the 50-phosphate, and Ca2þ are precisely
positioned at the hydrolytic site where they seem to mechan-
ically reinforce the enzyme. It is believed that the crystal
structure of SNase-pdTp-Ca2þ should approximate the
actual structure of the enzyme-substrate-Ca2þ complex (4).
Therefore, it is possible that the forces between the enzyme
hydrolytic site and the inhibitor represent some of the inter-
actions between the enzyme and its substrates. These forces
likely participate in straining the substrate into the transition
state, to facilitate the hydrolytic reaction. However, these
speculations will need to be verified with experimental force
spectroscopy studies of SNase in the presence of DNA
substrates and will need to involve enzyme mutagenesis
and also steered molecular dynamics simulations that may
directly capture details of mechanical unfolding pathways
of the enzymewith and without the inhibitor or the substrate.

Several single-molecular studies have already examined
the effect of ligand binding on the mechanical behavior
of proteins including some enzymes (40,50–58). The
results are complex and indicate that some proteins are
mechanically reinforced by interactions with ligands,
Biophysical Journal 100(4) 1094–1099
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whereas for other proteins these interactions do not alter the
mechanical stability (51). Moreover, the effect of ligand
binding on the mechanical stability of a given protein
appears to depend on the pulling direction (51).

Because of its robust mechanical response to ligand
binding demonstrated here, SNase, the classical model
protein for folding studies, seems also to be a good system
for future detail studies of the significance of enzyme
mechanics to enzyme catalysis.
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