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Cold Instability of Aponeocarzinostatin and its Stabilization by
Labile Chromophore
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ABSTRACT The conformational stability of aponeocarzinostatin, an all-3-sheet protein with 113 amino-acid residues, is in-
vestigated by thermal-induced equilibrium unfolding between pH 2.0 and 10.0 with and without urea. At room temperature, the
protein is stable in a pH range of 4.0-10.0, whereas the stability of the protein drastically decreases below pH 4.0. The thermal
unfolding of aponeocarzinostatin is reversible and follows a two-state mechanism. By two-dimensional unfolding studies, the
enthalpy change, heat capacity change, and free energy change for unfolding of the protein are estimated. Circular dichroism
profiles suggest that this protein undergoes both heat- and cold-induced unfolding. The ellipticity changes at far- and near-Uv
circular dichroism suggest that the tertiary structure is disrupted but the secondary structure remains folded at low temperatures.
Interestingly, the labile enediyne chromophore, which is highly stabilized by the protein, is able to protect the protein against

cold-induced unfolding, but not the heat-induced unfolding.

INTRODUCTION

Chromoprotein antibiotics are naturally occurring teams
with unique features. The interesting combination involves
a labile toxin, a small but highly functional molecule, asso-
ciated with a specifically made stabilizer, a nontoxic carrier
apoprotein. The toxin molecule is tightly bound to the
protein but the biological activity can only be realized after it
is released from the protein. A study on the subtle balance
between stability and flexibility of the protein conformation
is a necessary step to explore the mechanism of the chro-
moprotein.

The enediyne class of antibiotics belongs to one of the
most potent antitumor categories. It is also one of the most
extensively studied and characterized families of chromo-
protein antibiotics (Shen et al., 2003). Neocarzinostatin
(NCS) (Goldberg and Kappen, 1995; Xi and Goldberg,
1999), isolated from Streptomyces carzinostaticus (Ishida
et al., 1965), is the first enediyne chromoprotein (Edo et al.,
1985). It consists of a biologically active dienediyne
chromophore (MW = 659) that is very potent in causing
DNA damage, and a carrier protein, aponeocarzinostatin
(apoNCS, with 113 amino acids; see Goldberg, 1991). The
x-ray crystallographic studies show that apoNCS is an all-
B-sheet protein with a seven-stranded antiparallel 3-barrel
and two twisted antiparallel 3-sheets arranged perpendicular
to each other (Kim et al., 1993; Teplyakov et al., 1993).
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Fig. 1 shows the native conformation of NCS in a simulated
aqueous environment (Chin, 1999). There is no evidence
showing that apoNCS binds to the target DNA under
physiological conditions (Jung and Kohnlein, 1981). The
function of apoNCS is to store the biologically active chro-
mophore and release it in a controlled manner. The bio-
logically active chromophore has a strong affinity for its
apoNCS (Kp ~107'" M; see Goldberg, 1991). The chro-
mophore is very labile and is highly stabilized by apoNCS
(Kappen and Goldberg, 1980; Povirk and Goldberg, 1980),
but the mechanism by which NCS protein interacts with its
chromophore is not fully clear.

Understanding the mechanism by which a protein changes
its conformation is still a challenging task in modern biology.
Studying thermal stability through measurement of confor-
mational changes of proteins with temperature can provide
useful fundamental information. Evaluation of the thermo-
dynamic stability of apoNCS is important to understand the
energy difference between the native and unfolded states. By
performing two-dimensional unfolding studies, we show that
apoNCS undergoes both heat- and cold-induced unfolding.
More significantly, we find that the chromophore, despite
itself being labile, is able to stabilize the protein against cold-
induced unfolding. To our knowledge, this is the first study
of cold-induced unfolding among the members of enediyne
chromoprotein family.

MATERIALS AND METHODS
Protein purification

NCS powder was obtained from Kayaku Laboratories (Tokyo, Japan). The
stock solutions in water (1.44 mM) were stored in aliquots at 193 K. The
apoNCS used for this study was obtained by the removal of chromophore
from the holoNCS using the method reported by Napier et al. (1979). Impure
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FIGURE 1 View of the backbone folding of apoNCS in an aqueous
environment under neutral pH. The model is simulated by simple energy
minimization with three layers of water molecules, modified from the known
x-ray structure obtained in solid state (Brookhaven pdb.1nco.ent file).

apoNCS with minor amounts of chromophore was purified through the
hydrophobic XAD-7 resin column (Napier et al., 1980). The concentration
of the protein was 30-53 uM for the experiments throughout the study. The
extinction coefficient at 278 nm (14,400 M) is employed to determine the
concentration of the protein (Napier et al., 1979; Povirk et al., 1981).

Thermal-induced unfolding

Thermal-induced unfolding experiments were conducted in the temperature
range of 273-363 K and monitored by circular dichroism (CD) using
JASCO J-715 spectropolarimeter (Tokyo, Japan) equipped with a circulating
water bath (Neslab, model RTE-140, Portsmouth, NH). All experiments
were performed using a 0.1-cm pathlength water-jacketed quartz cell. The
temperature of the water bath is controlled by a microprocessor and a
temperature sensor. The details of the CD measuring experiments are as
follows: resolution, 1 s; bandwidth, 1.0 nm; response time, 1 s; and ramp
time, 15 min for each increment of temperature. The stabilization of the
observed ellipticity followed by temperature setting is checked to ensure
the equilibrium. For most measurements, the equilibrium can be reached
within 10 min.

Unfolding studies at different pH conditions

The thermal- and urea-induced unfolding at different pH conditions were
monitored by far-UV CD at 224 nm and near-UV CD at 271 nm. Phosphate
buffer (15 mM) was used throughout the pH range (2.0-10.0). The pH of the
prepared buffer was checked repeatedly after the addition of urea to ensure
the accuracy of the measured pH. A maximum variation of +0.05 pH units
was allowed in all of the buffer preparations.

Unfolding with urea

Urea-assisted thermal unfolding and urea-induced unfolding at all conditions
were monitored using far-UV and near-UV CD. Appropriate concentrations
of urea were prepared in 15 mM phosphate buffer at desired pH for the
unfolding experiments. For thermal-induced unfolding experiments, the
sample exposure to high temperature was kept short to minimize chemical
modification of the protein by the decomposition products of urea.

Data analysis

Data analysis was performed using the general curve fit option in the
Kaleidagraph program, Ver. 3.5 (Synergy Software, Reading, PA). The
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equilibrium unfolding data were analyzed using the two-state, i.e., Native
(N) <> Denatured (D) states model of unfolding (Santoro and Bolen, 1992;
Schellman, 1978; Tanford, 1970). The raw data were converted to the frac-
tion of the protein in unfolded state, f,, as a function of urea concentration
using the equations

fo= ¥ = (¥Yr + me[D]) }/{(Yy + mu[D]) — (Y + m[D])},
ey

where Y7 is the observed spectroscopic property, Y and m; are the intercepts

and slope of the folded state baseline, Y,, and m, represent the respective

intercept and slope of the unfolded baseline, and [D] is the molar denaturant
concentration;

AG, = —RT In K., ©)

where K. is the equilibrium constant, AG, is the change in free energy of
unfolding in the presence of denaturant, and R is the gas constant; and

Keg = fu/fas 3

where f;, is the fraction of the protein in the folded state and f;, = 1 — f;,.
The raw thermal-induced unfolding data were converted to the fraction of
the unfolded species (f,) as a function of temperature using the equation

Ky =f/(0=f)={i— (Yi+mT)} /{(Yu +m,T) Y1}
4)

A two-state N <> U unfolding reaction is characterized by a change in heat
capacity AC,, which is considered to be independent of temperature in the
range of measurements used here (Pace et al., 1999; Schellman, 1987). The
temperature-dependent values for the change in free energy (AG), change in
entropy (AS), and change in enthalpy (AH) are computed as

AG = AH — TAS 6))

AH(T) = AH,, + AC,(T — T,,) (6)

AS(T) = AS,, + AC, In(T/T,) @)
AG(T) =AH, {1 - (T/T,)} — AC{(T., — T)

+T In(T/T,)}, ®)

where T, corresponds to the midpoint of the thermal transition, AG(T) = 0,
and AH,, and AS,, are the values of AH and AS at T,.

According to the linear free energy model, all of the changes in AG’,
AH', AS', and AC},' that occur during protein unfolding have linear depen-
dences on the molar concentration of the denaturant, and their relationship
is given by the equations

AG' = AG + m[D] 9)
AH' = AH + h[D] (10)

AS’ = AS + s[D] (11)
AC, = AC, + c[D], (12)

where the primes on the above parameters are the values determined in the
presence of urea, and m, h, s, and ¢ are slopes of the measure of the protein-
denaturant interaction. Alternatively, above equations are combined
(Santoro and Bolen, 1988) to provide a direct conversion from the measured
spectroscopic property.

RESULTS
Two-state unfolding of apoNCS
The far-UV CD spectrum of the purified apoNCS exhibits

a positive maximum at 224 nm and a small negative
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minimum located at ~212 nm (Fig. 2, inset A). The near-UV
CD spectrum of apoNCS shows a negative band located at
~271 nm (Fig. 2, inset B). Both spectra are consistent with
those in earlier reports (Heyd et al., 2000; Napier et al., 1981,
1980). The secondary and tertiary conformational changes
occurring during unfolding of apoNCS were followed by far-
UV CD and near-UV CD spectroscopy, respectively. Fig. 2
shows that the thermal unfolding profiles of apoNCS at
neutral pH monitored by far-UV CD (224 nm) and near-UV
CD (271 nm) are almost superimposable, indicating the
two-state unfolding mechanism of apoNCS. The thermal
unfolding profiles in the pH range of 4.0-10.0 monitored
by far- and near-UV CD were all nearly superimposable
(data not shown), suggesting that over this pH range the
unfolding < folding of the protein follows a two-state
(native <> denatured) mechanism. In the urea-induced un-
folding at room temperature, apoNCS starts to unfold when
the urea concentration is beyond 6 M, but does not fully
denature even at the maximum urea concentration (9 M) at
neutral pH (Fig. 3). The incomplete far-UV CD (224 nm) and
near-UV CD (271 nm) profiles are superimposable, sug-
gesting the urea denaturation follows a two-state mechanism.
The incomplete unfolding profiles monitored between pH
4.0 and 10.0 by far- and near-UV CD are all superimposable
(data not shown), suggesting the urea-induced unfolding
of the protein is likely to be reversible in the pH range (pH
4.0-10.0) investigated.

pH stability of apoNCS

The conformational stability of the protein is investigated in
the pH range of 2.0-10.0. At each fixed pH value, the
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FIGURE 3 Urea-induced unfolding profiles of apoNCS at pH 7.0
monitored at room temperature by far-UV CD (224 nm, solid circles) and
near-UV CD (271 nm, open circles) changes.

stability is evaluated either by thermal-induced unfolding
studies without urea (in the range of 273-368 K), or by urea-
induced unfolding studies (in the range of 0.0-7.2 M) at
a fixed temperature (308 K or greater). Without urea, the T},
of the protein is almost unchanged in the pH range of 4.0-1.0
(Fig. 4, inset). The unfolding profiles monitored by the
ellipticity changes at 224 nm at this pH range suggest that
apoNCS is heat-stable until ~325 K (Fig. 4). However, the
protein is destabilized at pH values <4.0, as shown by the
large decrease in the T, at pH values <4.0 (Fig. 4, inset). In

FIGURE 2 Thermal-induced unfolding of apoNCS at
pH 7.0 monitored by far-UV CD (224 nm, solid diamonds)

and near-UV CD (271 nm, open circles) changes. The far-
UV and near-UV CD spectra (at pH 7.0) of apoNCS are
shown in insets A and B, respectively.
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FIGURE 4  Thermal-induced unfolding profiles of apoNCS at various
pH, @, pH 2.0; O, pH 3.0; ¢, pH 3.5; &, pH 4.0; and ®, pH 7.5, monitored
by far-UV CD (at 224 nm). The inset figure shows the changes in Ty, as
a function of the pH.

the urea-induced unfolding studies at a pH value >4.0, most
profiles show that the unfolding process is incomplete at the
maximum urea concentration, suggesting that apoNCS is
highly resistant to urea denaturation at those pH conditions.
When pH values are <<4.0, where unfolding is complete at
308 K, the estimated C,, (concentration of the denaturant at
which 50% of the protein molecules exists in the unfolded
state) decreases significantly with decrease in pH (data not
shown). Both thermal- and urea-induced unfolding studies
show consistent results and suggest that apoNCS is stable
in the pH range of 4.0-10.0, where the apoNCS follows a
two-state unfolding mechanism. We therefore chose pH 7.0
as the proper pH condition for the two-dimensional unfolding
studies of apoNCS.

Observation of the cold-induced unfolding
in apoNCS

We performed the thermal unfolding studies of apoNCS and
found a significant effect of urea on the tendency to undergo
cold-induced unfolding. Two-dimensional thermal-induced
unfolding experiments were done at pH 7.0, under 13
different urea concentrations from 0.0 M to 5.2 M, in the
temperature range of 279-366 K, where the protein unfolds
reversibly by a two-state mechanism. Conformational changes
were monitored by using both near- and far-UV CD. Fig. 5
shows the near-UV CD thermal-induced unfolding profiles
of apoNCS in the presence of urea at various concentration
values. A prominent curvature is observed in the thermal
unfolding profiles when the urea concentration is >0.8 M,
indicating that the protein undergoes cold-induced unfold-
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FIGURE 5 Thermal-induced unfolding of apoNCS at pH 7.0 under
various concentrations of urea, ¢, 0.0 M; O, 0.8 M; and @, 2.0 M,
monitored by ellipticity changes at 271 nm.

ing. Urea decreases the apparent enthalpy of unfolding
and shifts the unfolding zone to lower temperatures in the
heat-induced transition and to higher temperatures in the
cold-induced transition. This facilitates observation of cold-
induced unfolding at temperatures well above the freezing
point of the solution.

Fig. 6 shows the thermal-induced unfolding profiles of
apoNCS monitored by far-UV CD at different urea con-
centration values. The measured T,, in the heat-induced
unfolding is consistent with that obtained from near-UV CD
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FIGURE 6 Thermal-induced unfolding of apoNCS at pH 7.0 under
various concentrations of urca, @, 0.0 M; O, 1.2 M; ¢,2.8 M; and M, 5.2 M,
monitored by far-UV CD changes at 224 nm. The inset figure shows marked
decrease of T, with increase in urea concentration.

Biophysical Journal 88(6) 4252—4261



4256

[ 1 I I I 1
1 i °
B o o _
3 ogoo ® &
5 Y o]
L O .
08 | .
o L ]
@ I
T I
L o6} © .
- i
s ] |
c L © .
°
S 04} “o 5 -
s L -
© - o °
Lt |
02 o O .
i oo °®
00 o
(}®]
O o ge®® 0,000 .
N I T (ST T T NS T SN TR I S ST |

280 300 320 340 360 380
Temperature (K)

FIGURE 7 Thermal-induced unfolding of apoNCS (open circles) and
holoNCS (solid circles) in 0.8 M urea (pH 7.0) monitored by ellipticity
changes at 271 nm. Because mean residue ellipticity at 271 nm from
apoNCS is ~3.5-4.0-folds less intense than that from holoNCS, fraction of
unfold is used here to replace ellipticity changes for a purpose of close
comparison. The fraction of unfold in the incomplete cold denaturation limb
is estimated based on the heat denaturation process.

under the same urea concentration. It is interesting to observe
that the far-UV CD profiles in Fig. 6 do not show the per-
turbation of the secondary structure at low temperatures,
whereas the near-UV CD profiles (Fig. 5) indicate that the
tertiary structure is disrupted. The results suggest that the
cold-induced unfolded protein exists possibly in a partially
unfolded state, in that the secondary structure remains
folded. The inset of Fig. 6 shows that the T,, of the heat-
induced transitions is linearly proportional to the urea con-
centration. Urea reduces the T;,, of apoNCS under neutral pH
at an average of 3.7 K per additional molar concentration of
urea. A strong correlation (R = 0.995) between the two pa-
rameters is apparent, suggesting that urea is a proper de-
naturant for the two-dimensional thermal unfolding studies
of apoNCS.

Comparison of the thermal-induced unfolding of
apo- and holoNCS

Although the CD spectrum of holoNCS containing the
chromophore is distinctively different from that of apoNCS
(Napier et al., 1979, 1980, 1981), a number of structural
studies by NMR (Adjadj et al., 1990, 1992a,b; Gao, 1992;
Gao and Burkhart, 1991; Remerowski et al., 1990; Tanaka
et al.,, 1993) and x-ray crystallography (Kim et al., 1993;
Sieker et al., 1976; Teplyakov et al., 1993) suggest that the
protein conformation of apo- and holoNCS are almost

Biophysical Journal 88(6) 4252—4261

Jayachithra et al.

superimposable. The stabilities of apo- and holoNCS are
compared here, to assess the contribution of the bound
enediyne group to the conformational stability of the chro-
moprotein. The thermal unfolding profile of apoNCS
(monitored at 271 nm in the temperature range of 280-365
K at pH 7.0 with 0.8 M urea) shows that, below 303 K, the
negative ellipticity at 271 nm decreases with the decrease in
temperature (Fig. 7). A prominent curvature below 303 K is
observed, suggesting that cold-induced unfolding of apoNCS
occurs. In the temperature range of 303-323 K, the ellipticity
value at 271 nm does not show significant change. Further
increase in temperature beyond 323 K results in progressive
unfolding of the protein. Above 343 K, apoNCS exists in an
unfolded state.

Interestingly, thermal unfolding of holoNCS under the
same condition monitored by the ellipticity change at 271 nm
shows no observable change in the temperature range of
280-323 K (Fig. 7). However, an increase in temperature
above 323 K results in a similar progressive loss in ellipticity
at 271 nm. The heat-induced limb (in the temperature range
of 323-363 K) of the thermal unfolding curves of apo- and
holoNCS are superimposable, indicating that the enediyne
group does not stabilize the protein against heat-induced
unfolding. In contrast, the cold unfolding limb (from 278 K
to 303 K) of apo- and holoNCS are not superimposable. A
significant unfolding curvature is observed for apoNCS, but
not for holoNCS, at low temperatures. Apparently, holoNCS
does not show a tendency to undergo cold-induced unfolding
as apoNCS does. These results suggest that binding of the
enediyne group confers resistance to the protein against cold
unfolding.

The enediyne chromophore is known to be very labile. The
extracted NCS chromophore has a mean lifetime of only 12 s
at pH 8 and 25°C (Povirk and Goldberg, 1980). The degra-
dation of the labile enediyne group at high temperatures
prohibits our performing thorough thermodynamic unfolding
studies of holoNCS. The ineffectiveness of the enediyne
group to stabilize the protein against heat instability is likely
due to its degradation. However, the enediyne chromophore
can be substantially stabilized by apoNCS (Povirk and
Goldberg, 1980). Kappen and Goldberg (1980) reported
that <10% activity was lost when holoNCS was preincubated
at pH 5.0 and 37°C for 30 min. At the same pH and tem-
perature, Edo et al. (1988) found that only 4% bound chro-
mophore was lost in 24 h. The discrepancy in chromophore
stability among reports is not surprising, because the lifetime
of the bound chromophore in holoNCS appears to be
concentration-dependent (Jung and Kohnlein, 1981). The
concentration of holoNCS used in the present study was
53 uM. A solution of 85 uM holoNCS was estimated to have
a long half-life of ~48 h at 330 K (Edo et al., 1988). At the
same temperature, one-fourth fraction of the NCS protein
becomes unfolded, as shown in the present study (Fig. 7).
Thus, the ineffectiveness of the chromophore to protect
protein against heat could not entirely contribute to its
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degradation at high temperatures. The intrinsic ability of the
chromophore to stabilize the protein and the difference in
nature between cold- and heat-induced denaturing processes
are the other possible factors.

Estimation of AC, from two-dimensional
unfolding studies

A single thermal unfolding profile alone cannot provide
reliable estimates of important thermodynamic parameters,
including the change in heat capacity (ACy,). A good value of
AC, is needed to construct a reliable stability curve for
apoNCS. There are different methods of estimating AC,, of
a protein. Accurate estimation of AC,, can be achieved from
two-dimensional unfolding studies by varying AH,,, and Ty,
over a wide range. A value of AC,, can be calculated by the
relation of AC, = d AH,,/T,,, (Swint and Robertson, 1993).
The enthalpy change AH for unfolding of apoNCS is esti-
mated by making use of the van’t Hoff equation, In(K) =
—AH/RT + AS/R.If AC, is zero, In(K) is a linear function of
1/T. The slope of the straight line obtained by plotting In(K)
versus 1/T is then —AH/R. The open circles in Fig. 8 represent
the experimental values of In(K) versus 1/T in the thermal-
induced unfolding transition in apoNCS at pH 7.0 without
urea. The linear least-square fitting of the data yields a value
AH = 65 = 1 kcal/mol. The small curvature in the van’t Hoff
plot shows the effect of the non-zero value of AC b (Chaires,
1997; Koblan and Ackers, 1992; Liu and Sturtevant, 1995).
Values of AH,,, under 13 different concentrations of urea are

.4— \‘ _-

_6 -I....I....I,...l.|..l....I....I....I,.‘.\-

2.80 2.85 2.90 2.95 3.00 3.05 3.10 3.15 3.20
10° x 1/T (K)

FIGURE 8 van’t Hoff plot for the unfolding of apoNCS at pH 7.0 in
0.0 M urea. The AH from the slope is estimated to be 65 + 1 kcal mol '
(open circles). The dotted line represents the theoretical AG calculated from
Eq. 8. The theoretical In(K) is converted from the theoretical AG using Eq. 2.
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obtained analogically from the slope of In(K') versus 1/T. The
variation of AH,, versus T, with different urea concentrations
is shown in Fig. 9. A value of ACp, 1.04 + 0.03 kcal mol ™"
K ™!, is calculated here from slope [d AH ,,/T,,]. Because of the
intrinsic nature in the methodology we applied, the error
might be greater than 0.03 kcal mol ~' K™', which is estimated
solely based on variation of the data from measurement.
Using this value of AC}, in Eq. 7 and converting AG to In(K)
by Eq. 2, a theoretical curve is calculated as shown in the
dotted line in the van’t Hoff plot (Fig. 8). The experimental
values agree well with the theoretical curve.

A consistent but less accurate value of AC,, (1.03 * 0.06
keal mol ™! Kil) is obtained from the variation of T,, with
five different pH values (pH 2.0-4.0, see Fig. 4, inset). The
self-consistent value of ACP, from variation of urea con-
centration or pH, suggests that the AC, is independent of the
denaturant. We checked this by plots of AH,, or T, versus
urea concentration. The slope of a linear plot of AH,, versus
urea concentration (—3.7 kcal/mol/M, R = 0.997) is nearly
identical to that from T, versus urea concentration (—3.7 K/
M, R = 0.997). The AC,, which is derived from changes of
AH,, with T,,, is thus independent of the urea concentration.
The slope in Eq. 12 is near zero in the case of apoNCS. This
phenomenon is not a rare one. For example, a nearly constant
AC, value for B-lactoglobulin over a wide range of urea
concentration was reported in 1968 (Pace and Tanford,
1968). Some proteins do appear to show low denaturant
sensitivity with regard to the heat capacity (Otzen and
Oliveberg, 2004).

70_“"['"‘I""I""I""I""

65 | ]
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FIGURE 9 AC, plot for the unfolding of apoNCS based on thermal-
induced unfolding profiles at pH 7.0 under 13 different concentrations
of urea (0.0-5.2 M). The AC,, from the slope is estimated to be 1.04 = 0.03
kcal mol ' K™,
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The heat capacity value AC,, of 1.04 * 0.03 kcal mol ™!
K~! for the transition of apoNCS ranks approximately in the
middle among known values of AC}, obtained for wild type
proteins of similar size (MW 11,000-12,000), shown in the
newest version of thermodynamic database for proteins and
mutants (Bava et al., 2004) (URL http://gibk26.bse.
kyutech.ac.jp/jouhou/Protherm/protherm.html). Heme chro-
moproteins such as myoglobin and cytochrome ¢ have
values of 1.23 kcal mol ' K~ and 0.945 kcal mol ' K™,
respectively, averaged from the deposited data that were
obtained under various experimental conditions and mea-
suring methods. These deposited AC,, values translate into an
average value of 8.05 cal mol™' K ™' per residue for
myoglobin, and of 9.08 cal mol™' K~' per residue for
cytochrome c. The measured AC}, of apoNCS gives a value
of 9.2 cal mol ' K™! per residue, which is compatible with
that of myoglobin and cytochrome c¢. A more close
comparison should be made with apocytochrome, which
has a size similar to apoNCS. Apocytochrome bsg, has
a value of ACp 1.1 kcal mol ' K ! (Feng and Sligar, 1991),
which is very close to AC, for the transition of apoNCS.
However, a much smaller value of AC,, for apocytochrome
bsen, 0.56 keal mol~' K~' at pH 7.4 (Robinson et al., 1998),
was also reported later. The AC}, of apocytochrome bs was
also reported to have a close (1.0 kcal mol ' K1) (Pfeil,
1993) or slightly smaller (0.86 kcal mol ™' K™') (Manyusa
and Whitford, 1999) value.

DISCUSSION

NCS and other enediyne chromoproteins have been shown
to exhibit very potent antitumor activity against a variety of
tumors (Greish et al., 2003; Maeda, 2001). The enediyne
group is highly stabilized by the tightly bound NCS protein
(Povirk and Goldberg, 1980) until it reaches the target DNA.
Earlier we found that charge repulsion, rather than size
exclusion, plays an important role in apoNCS for the chro-
mophore protection against thiols (Chin, 1999). We also
studied the trifluoroethanol-induced release of the bioactive
chromophore from NCS chromoprotein (Sudhahar et al.,
2000). The enediyne chromophore can be released before
major backbone conformational changes in the protein. Very
little is known about the mechanism by which the enediyne
group is regulated by the protein. Thermodynamic unfolding
studies allow one to predict the stability and flexibility of the
protein under various conditions. It becomes an important
tool to understand the tendency of conformational changes of
the protein and how such changes associate with its bound
toxin molecule.

Analysis of stability curve for apoNCS

The variation of the conformational free energy of unfolding
with temperature represents the stability nature of the
protein. The measured enthalpy change at the midpoint
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(AH,,), the change in heat capacity (AC},), and the midpoint
temperature (7,,) are used to construct a reliable stability
curve of apoNCS. The apparent AG values are calculated
based on Eq. 7 using constant ACp (1.04 * 0.03 kcal mol '
K™, calculated based on AH,, versus Ty,). Fig. 10 depicts
the stability curve of apoNCS at pH 7.0 under various con-
centrations of urea. The temperature of maximum stability in
the heat-denatured regions shift to lower temperatures with
increase in urea concentration. Most significantly, the free
energy change associated with the unfolding process de-
creases at both high and low temperatures. The latter is an
indication of cold instability of apoNCS and its tendency to
undergo cold-induced unfolding.

The maximum conformational stability of apoNCS is
estimated to be 5.8 kcal mol ™!, as inferred from Fig. 10. This
value is higher than the reported value of AG for apocyto-
chrome bsg, (3.2 kcal mol !, Feng and Sligar, 1991) and is
two-to-threefold larger than the values for apocytochrome b5
(AG, 1.7 keal mol ™", Pfeil, 1993; 2.8 kcal mol ', Manyusa
and Whitford, 1999). In fact, the AG value of apoNCS is more
comparable to the reported value of holocytochrome b5 (6.0
kcal mol !, Pfeil, 1993). These results imply that the apoNCS
is comparatively stable. Considering that the labile chromo-
phore needs to be well preserved during the drug delivery time
course, it is necessary having a very stable carrier protein to
protect the chromophore.

Cold-induced unfolded state in apoNCS

Many proteins have been shown to unfold under cold
conditions (Privalov, 1990). In general, cold denaturation is
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caused by strongly temperature-dependent interactions of
protein groups with water. Hydration of protein groups is
favorable thermodynamically. As a result, the polypeptide
chain, tightly packed in a compact native structure, unfolds at
a sufficiently low temperature, exposing internal nonpolar
groups to water. Most of these proteins studied belong either
to all-a or a+pf-structural classes. Limited information
exists on the cold-induced unfolded states of all-3-sheet pro-
teins (Chi et al., 2001). ApoNCS is an all-3-sheet protein and
the observation of cold-induced unfolding in apoNCS can
help to fill this lacuna.

A wide range of unfolded non-native states has been found
in several proteins (Russell and Bren, 2002; Shortle, 1996).
These non-native states can vary from a partially structured
state to unstructured random coils. The present studies
suggest that apoNCS under cold-induced unfolding exists in
a partially structured state. The transition profile monitored
by CD suggests that the tertiary structure of apoNCS is
disrupted, but the secondary structure remains folded. The
partial loss of the highly compacted structure in the cold-
induced unfolding is not a rare phenomenon for a-helical-
based proteins. Similar observation has been reported on
the molten globule state of cytochrome ¢, in which the
secondary structure is formed, but the tertiary structure
fluctuates considerably (Kuroda et al., 1992). The cold-
induced unfolding of myoglobin also yields a partially
unfolded state characterized by having a persistent amount of
secondary structure, whereas rigid tertiary structure is lost
(Meersman et al., 2002; Privalov et al., 1986). Whether a
B-sheet protein can form a molten globule folding in-
termediate, which has native-like secondary structure (by
far-UV CD) but does not have the native tertiary structure,
has been a controversial question. Several reports show
observation of molten globule-like intermediate from an
B-sheet protein (Kumar et al., 1995; Sivaraman et al., 1997;
Dalessio and Ropson, 2000; Samuel et al., 2000). More
recent computational theories on CD of protein-folding
intermediates suggest that it is possible for an all-8 protein in
a molten globule state to retain all or most of the individual
units of secondary structure—f3-sheets and probably S-
hairpins (Sreerama and Woody, 2004; Woody, 2004; R.W.
Woody, personal communication, 2004). These secondary
structure units fluctuate with respect to each other. It is these
fluctuations in packing of the secondary structure elements
that lead to variations in the environment of the aromatic side
chains, causing their near-UV CD bands to be diminished
through extensive averaging over different environments. In
most cases, the B-sheets are still rather local and not as-
sembled from very remote segments in the sequence. The
common types of sheets are likely to maintain their integrity
under the mild conditions leading to molten globule for-
mation. It is therefore reasonable to assume that the B-sheet
apoNCS forms an unfolding intermediate by losing its near-
UV CD signal without losing much of its signal in the far-
UV CD. Whether this partially structured state of apoNCS
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could lead to the regulation or other important functions of
NCS chromoprotein is not yet known. Further characteriza-
tion is likely to throw light on studying such a possibility.

Cold instability of apoNCS and its stabilization
by chromophore

Lately, a re-evaluation of the hydration effect and revision of
the conventional concept on the hydrophobic effect in pro-
tein folding leads to new propositions to explain the cold-
and heat-induced unfolding on a molecular basis (Privalov,
1990; Privalov and Makhatadze, 1993; Tsai et al., 2002).
Cold-induced unfolding is mainly caused by interaction of
protein groups with water. The exposure of internal surface
with water reduces the enthalpy of the system and overcomes
the unfavorable reduction in entropy at low temperatures.
The tightly bound enediyne chromophore, which occupies
the central cavity in the compact native structure of NCS
protein, is expected to diminish the chances of exposing
internal protein groups to water. Thus the chromophore,
though it is very labile by itself, can stabilize the bound
protein against cold-induced unfolding by efficiently reduc-
ing the hydration effect. On the other hand, the heat-induced
unfolding is mainly initiated by a large increase in entropy
gain at high temperatures. The size of the chromophore is
relatively small compared to that of the protein and there is
no covalent bonding involved in between. Unlike heme in
cytochromes (Feng and Sligar, 1991; Manyusa and Whit-
ford, 1999; Robinson et al., 1998), NCS chromophore is not
a steady prosthetic group. It would be hard to expect the
chromophore to act as an effective stabilizer for a bound
protein that is being disrupted by the heat-induced molecular
motions.

Most enediyne chromoproteins are well-characterized
structurally, yet the mechanism of self-resistance of the
source organism to these toxins has remained unclear. The
intriguing interaction and coordination between the chromo-
phore and its bound protein needs to be explored to
understand such a mechanism. Cold-induced unfolding has
been suggested as a general phenomenon (Privalov, 1990).
Our results indicate that apoNCS exhibits a cold instability
nature, suggesting that it does not escape from such a general
prediction for proteins. NCS is a very potent antibiotic.
Minimum inhibitory concentration against Gram-positive
bacteria can be as low as 0.5 ug/ml (Ishida et al., 1965).
When apoNCS conformation is unstable or unfolded under
cold, the binding equilibrium can shift to raise the rate of
dissociating the toxic chromophore from the chromoprotein.
A needlessly released toxin could then create a local fatal
environment to the organism that produces NCS. In most
places, the temperature of soil, even in the hot seasons, is
well below the Ty, of NCS. Heat instability of the protein
component of NCS should not be a threat of self-destruc-
tion to the bacteria that produces antibiotic. Considering
the survival of the bacteria in soil during cold seasons,
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the stability of the protein under cold becomes vital. If
temperature is low enough, the cold sensitivity of apoNCS
could pose a potential danger in launching a suicidal action.
It is interesting to observe that the NCS chromophore, which
is labile by itself, is able to stabilize the protein against cold
instability. This finding could provide some logical clues in
understanding the mechanisms of cellular self-protection
under cold. The stabilization of neocarzinostatin by the bio-
logically active chromophore might have a significant
survival value for its own producer, Streptomyces carzinos-
taticus.
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