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Abstract

Addition of 8-anilino-1-naphthalenesulfonate (ANS) to acid-denatured pectate lyase C (pelC) leads to a
large increase in the fluorescence quantum yield near 480 nm. The conventional interpretation of such an
observation is that the ANS is binding to a partially folded intermediate such as a molten globule. Far-
ultraviolet circular dichroism demonstrates that the enhanced fluorescence results from the induction of a
partially folded protein species that adopts a large fraction of native-like secondary structure on binding
ANS. Thus, ANS does not act as a probe to detect a partially folded species, but induces such a species.
Near-ultraviolet circular dichroism suggests that ANS is bound to the protein in a specific conformation. The
mechanism of ANS binding and structure induction was probed. The interaction of acid-unfolded pelC with
several ANS analogs was investigated. The results strongly indicate that the combined effects of hydro-
phobic and electrostatic interactions account for the relatively high binding affinity of ANS for acid-
unfolded pelC. These results demonstrate the need for caution in interpreting enhancement of ANS fluo-
rescence as evidence for the presence of molten globule or other partially folded protein intermediates.
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ANS is an amphipathic dye, with hydrophobic naphthalenecially molten globules, because their partially structured na-
and phenyl groups, and a charged sulfonate group. It iture provides access for ANS to bind exposed hydrophobic
frequently used for the investigation of equilibrium and ki- regions (Ptitsyn et al. 1990), whereas ANS has a very weak
netic protein folding intermediates (Semisotnov et al. 1987 affinity for fully unfolded or folded proteins. ANS has also
Ptitsyn et al. 1990; Semisotnov et al. 1991). When ANS isbeen widely used as a probe for kinetic intermediates in
bound to a protein in a nonpolar environment, there is grotein folding (Semisotnov et al. 1987; Ptitsyn et al. 1990).
large increase in the fluorescence quantum yield (StryePartially folded transient species will bind ANS, and the
1965; Turner and Brand 1968). ANS has been used extertiime dependence of its emission is indicative of the lifetime
sively as a probe for protein folding intermediates, espeof the species.
Acid denaturation is a widely used method of inducing
protein conformational transitions. The major cause of acid
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1989; Goto et al. 1990a,b). Other recent work has demon-
strated that the addition of ANS to acid-denatured cyto-
chromec also induces the formation of a partially folded 2
conformation, or molten globule (Ali et al. 1999). Refolding . 4|
occurs because the sulfonate group of ANS behaves as=® o070}
counterion to the positive charges, reducing the charge der§ 0.60
sity, thus permitting refolding. ANS has also been reporteds °5° [
to act as a conformational tightening agent to acid—expande@ 3‘3‘2 |
bovine serum albumin ang-globulin (Matulis et al. 1999). § ozl
In this paper we demonstrate that a similar phenomenorg 4+,
occurs in the acid-unfolded form of pelC frofrwinia  “ ooo

1.10

ary units)

chrysanthemi 010
PelC is a member of the parallgthelix class of proteins 100 a0 440 460 480 500 520  o40 500 s00 600
(Jurnak et al. 1994; Yoder and Jurnak 1995). It contains a A nm

relatively large number of amino acids with basic side

chains. Of the 353 amino acids. 37 are Iysine arginine ofi9: 1. Fluorescence emission spectra of pelC/ANS complex at pH 2-9.
! ’ ' “The cluster of solid lines at approximately zero intensity is pH 4-8, pH 9

histidine; Only 32 are g|Utamate or aspartgte; and the pl i$ 9(dot and dash), pH 3 (dash), and pH 2 (solid). Protein:ANS ratios were
We propose that ANS acts as a counterion that neutralizes2oo.

some of the positive charges in acid-unfolded pelC, causing
subsequent burial of the dye and increased ANS fluores-
cence. The relatively high affinity of ANS for pelC results 200 nm. Spectral features such as these are very typical of
from a combination of hydrophobic and ionic interactions.an unordered protein, which is an ensemble of many con-
The results we present indicate that caution should be eXormations. Titration with ANS results in a dramatic change
ercised in inferring the existence of folding intermediates inin the shape of the CD spectrum as a complex between ANS
acid denaturation, based on ANS binding alone. and pelC forms. The shoulder at 220 nm evolves into a very
distinct band with a broad minimum at 216 nm. The nega-
tive band at 200 nm in the unordered protein spectrum, in
the absence of ANS, evolves into a positive band with a
PelC, like many proteins, is susceptible to denaturation bynaximum at about 192 nm on addition of 50-fold excess of
acid. ANS fluorescence emission was used to probe th&ANS. A CD spectrum of this type is characteristic of
structure of pelC at pH 2. CD spectroscopy was further use@-sheet, which is the dominant type of secondary structure
to assess any structural changes in acid-unfolded pelC dn pelC (Fig. 2B). The binding of ANS to pelC appears to be
addition of ANS. responsible for the induction of secondary structure in acid-
The fluorescence quantum yield of ANS is dramatically unfolded pelC. This is a very interesting result because it
increased when the dye is in a nonpolar environment, agises further questions about the usefulness of ANS as a
compared with an aqueous environment. Hydrophobic reprobe for partially folded protein conformations. If in fact
gions in a partially structured protein provide such an enthe probe that is used to observe these structures is actually
vironment. Partially unfolded proteins may be present in anducing an intermediate conformation, other independent
protein solution at low pH, in high salt, or in the presence ofprobes are required to substantiate the existence of partially
moderate concentrations of chaotropic denaturants. Figurefblded intermediates.
shows that, as the pH of a solution of pelC is lowered below The far-UV CD spectrum of a protein can be deconvo-
4, the fluorescence emission of added ANS increases. Thated to estimate the fractions of secondary structure com-
emission is 50-fold more intense at pH 2 than at pH 7, whichponents (Greenfield and Fasman 1969; Sreerama and
indicates the presence of a stable hydrophobic core or bindAoody 2000). An analysis of the secondary structure of
ing pocket. This was surprising because evidence from CIpelC under several conditions is shown in Table 1. The
experiments indicated that pelC was completely unfolded afar-UV CD spectrum of pelC in the native state in water was
pH 2 (Kamen et al. 2000). Further CD experiments werecompared with the acid-unfolded state at pH 2 and the acid-
conducted to determine if ANS interacts with acid-unfoldedunfolded state at pH 2 with 50-fold excess of ANS. An
pelC. analysis of the CD data indicates tigsheet andx-helix
Figure 2 shows the far-UV CD spectra of pelC alone andare stabilized (their fractions increase) and a significant
in complex with ANS at pH 2. The CD spectrum of pelC fraction of unordered structuré§0%) is lost on the addi-
alone at pH 2 shows the characteristics of an unfolded protion of ANS. Compared with native pelC, the ANS-induced
tein conformation (Fig. 2B). There is a slight negative intermediate has about 60% higthgisheet content as esti-
shoulder at 220 nm and a very prominent negative band ahated by CD. In fact, the CD-derived estimatesxefielix

Results
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contributions of aromatic side chains in the native protein

that are absent in the ANS-induced conformation may be
responsible for the poor analysis of the native structure by
CD. In any case, the analysis is consistent with our proposed
model.

Near-UV CD was also used to study the pelC/ANS com-
plex. A significant induced CD occurs in the near-UV spec-
trum when ANS is bound to moded-sheet peptides at
alkaline pH (Sato and Woody 1980). ANS also displays an
induced CD when bound to bovine serum albumin (Ander-
son 1969; Daniel and Yang 1973), hemoglobin (Hsu and
Woody 1971), and NAD-dependent dehydrogenases (lva-
nov and Nagradova 1974; Vanek 1975). Induced CD is also
observed in the near-UV CD of the pelC/ANS complex
(Fig. 3). The CD spectrum of the native conformation of
pelC displays a maximum at 280 nm (Fig. 3B). In the com-
plex with ANS, the maximum at 280 nm is lost, but new
maxima at 260 and 340 nm appear. These features are ab-
sent in proteins such as pelC that lack extrinsic chromo-
phores. However, ANS has absorption bands at the same
wavelengths (inset to Fig. 3A). Therefore, these bands arise
from induced CD of ANS. ANS is a molecule that is opti-

75000

40000 i~

Fig. 2. (A) Far-UV CD spectra of pelC (M) with increasing concen-
tration of ANS. The inset té shows the ellipticity values at 200 nm (filled
circles) and 215 nm (filled triangles). PelC:ANS ratios were 1:1, 2, 5, 10,
12, 15, 20, 30, 40, and 50. Arrows indicate the direction of increasing ANS
concentration.®) Far-UV CD spectra of pelC at pH 2 (dashed line) and pH
7 (solid line) without ANS.

andB-sheet fractions for the ANS-induced form agree better
with the X-ray data for the native structure than do the
CD-derived data for the native protein. The poor estimates
from CD for the native structure may be attributable to the
absence of proteins with a similgrsheet architecture in the

reference proteins used in the CD analysis. Alternatively,

Table 1. Percentages of secondary structure determined by CD
or X-ray crystallography for pelC

a-Helix B-Sheet Turns Unordered
Native (CD) 24+ 4 21+3 22+1 31+2
Native (DSSP) 9 32 8 51
pH 2/no ANS 8+2 16+4 13+1 64+3
pH 2/1:50 ANS 10+3 36+1 23+2 31+3

Secondary structures calculated by CD are an average from three method:'g
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g. 3. (A) Near-UV CD spectra of pelC (pM) with increasing concen-

and the reported errors are the standard deviation. (Provencher aid Glo ration of ANS. PelC:ANS ratios are 1:1, 5, 10, 15, 25, and 40. The inset

ner 1981; Sreerama and Woody 1993; Johnson 1999).

to A shows the absorption spectrum of ANS in watd®) Near-UV CD

Secondary structures determined from X-ray crystallography are from thépectra of pelC at pH 2 (dashed line) and pH 7 (solid line) without ANS.

DSSP method (Kabsch and Sander 1983).

In both figures, the molar ellipticity is based on the protein concentration.
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cally inactive in solution, but on binding to a protein can 20000
give rise to CD bands. CD induced in ANS absorption bands
is interesting for two reasons. ANS is thereby demonstrated
to be bound to the protein in a chiral environment in such a
way that its conformation is well defined. For example, the
aromatic rings may be buried in a hydrophobic pocket. The
induced optical activity is also interesting from a more fun-
damental perspective. Optically inactive probes can display
optical activity when bound to a protein matrix, suggesting ~10000
that the binding site favors a particular conformation of the

ligand. This can potentially provide information regarding 20000 ‘ , , . ‘ ‘ ,
the structure of the binding site, and provide clues as to how 90 200 20 220 230 240 250
the ligand is distorted on binding. Knowledge of the struc-
ture of bound ligands could lead to the more efficient design
of synthetic ligands or inhibitors.

Some experiments were done to probe the nature of the  **| B
interaction of ANS with pelC. Nile Red is an uncharged dye
at neutral pH, is similar in structure to ANS, and has pre-
viously been used as a neutral control for the induction of
structure in cytochrome (Ali et al. 1999). The pH depen-
dence of the fluorescence spectrum of Nile Red from pH 8
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to 2 shows two regions where the fluorescence changes 0 b

sharply (data not shown). Behavior such as this suggests

that at pH 2, the dye is not neutral but has a charge of +2. 50

This is consistent with the chemical structure of Nile Red, N N
which indicates that there are two nitrogens capable of be- 240 250 260 270 280 290 50D 310 320 30 M0 3K

A am

ing protonated at low pH. This fact, along with the low
solubility of the dye in aqueous buffer (Sackett and Wolff rig. 4. () Far-Uv CD spectra of pelC at pH 2 in the presence of NaCl (0,
1987), prevented any conclusions from being made regard-o, 30, 50, 60, 70, 80, 90, 100, 115, 130, 150 mM). The inset shows the
ing the structure-inducing ability of uncharged ANS analogsellipticity values at 200 nm (open circles) and 215 nm (filled triangles). (
on peIC. Ngar-UV CD spectra of p_eIC at pH 7(so|id_ line) and pH 2 (dotted line)
Matulis and Lovrien (1998) demonstrated that ion pairmgoﬁggfq and pH 2 with 100 (dashed ine) and 150 mM (dot-dashed
formation is responsible for the interaction of ANS with
some proteins. NaCl is capable of inducing structure in
pelC, as demonstrated by the far-UV CD spectra (Fig. 4A)5B). This supports the notion that a combination of hydro-
However, it requires about 100 mM salt, whereas only 10@hobic and electrostatic interactions are responsible for the
M ANS is required to achieve a comparable CD spectrumformation of structure in pelC.
We tested whether or not binding of ANS is enhanced as a Induced intermediate protein conformations are not nec-
result of combining hydrophobic interactions with electro- essarily molten globules. Molten globules lack tertiary
static interactions. DSS is a very simple molecule containstructure, as demonstrated by the absence of significant
ing a sulfonate group, as in ANS, and a short aliphatic chaimear-UV CD. Figure 4B indicates a significant near-UVvV CD
(Fig. 5A). DSS is capable of inducing structure in pelC butintensity when pelC is at pH 2 in 100 and 150 mM NacCl. If
it requires about 8 mM. This suggests that ionic interactionghe induction of structure occurs through a similar mecha-
play a strong role in the structure formation in pelC but alsonism with NaCl as it does with ANS, then we can assume
that they are not the whole driving force. that the intermediates are similar in nature. Native pelC
The ability of 2-naphthalenesulfonate to induce structureshows a positive CD amplitude at 280 nm but the chloride-
in pelC was investigated. This molecule contains a sulfonaténduced intermediate is negative at 280 nm. The ANS-in-
group but the amount of hydrophobic surface area is reduced structure might also have a negative CD from aro-
duced compared with ANS. The hypothesis was that a molmatic side chains that is not observed due to the strong CD
ecule with a negative charge, but reduced hydrophobic suiintensity of bound ANS. The intermediate tertiary structure
face area, would require higher concentrations to inducenay or may not be native-like. It is possible that the nega-
structure in pelC compared with ANS, but not so high astive CD band observed in high salt is due to aromatic side
using NaCl alone. Induction of secondary structure appearshains in a nonnative conformation. Alternatively, the aro-
at about 1 mM 2-naphthalenesulfonate concentration (Fignatic side chains that are structured in the intermediate
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fit well to a single-species model (Fig. 6). Addition of a
second virial term to the analysis yields the expected mo-
lecular mass (Table 2). The data could not be fit to a single-
species model by using the dimer or tetramer molecular
mass. It was also not possible to fit the data to a monomer—
20000 — ‘ ! ' ‘ ‘ ! ] \ dimer, or monomer—tetramer equilibrium model. These ob-
180 190 200 210 220 230 240 250 260 . . . . . .
servations indicate that aggregation is not likely to be a

20000 charged protein molecules repel each other, which counters
A ol P the tendency of the protein to sediment toward the outside
T aiaatay of the cell. The result is an M,,, that is lower than ex-
rooeer” B Le® pected. Although the mechanism of secondary structure in-
O e T duction in pelC involves neutralization of charges, the re-
" (06t sidual charge on the protein is likely to be sizeable. The data

[6] deg cm? / dmol
o

o
=1
=1
=1

' problem. To decrease or eliminate nonideality, the solution
B - conditions are usually adjusted to have an ionic strength of
11000 § woof about 150 mM. This was not possible in this case because
J ’ addition of salts such as 50 mM NaCl to the ANS-contain-
6000 M T ing solutions resulted in precipitation of the protein.
00 & ower oo W Sedimentation velocity experiments were also performed

on native pelC (50 mM NaP{ 100 mM NaCl at pH 7),
pelC at pH 2 (50 mM Gly-HCI), and pelC at pH 2 in the
presence of 100uM ANS (Fig. 7). A g(s*) analysis
(Stafford 1992) of the sedimentation data for native pelC
indicated the presence of a single species with )of (B3
+14000 [ kD and s* (the apparent Svedberg coefficient) of 3.5 S. For
190 200 210 20 2% 240 250 oe0 pelC at pH 2, a single species is also observed with, M
A nm of (M0 kD, and s* of 1.8 S. When ANS is present, two
_ _ _ species are observed. One has a rather expanded conforma-
Fig. 5. (A) Far-UV CD spectra of pelC at pH 2 in the presence of increas-

: : 2 .
ing amounts of DSS (0.05, 0.1, 0.2, 05, 1. 2. 2.5, 3, 3.5, 4, 5, and 10 mmjiO" With M, o5, 0f 41 kD and s* of 2.3 S. The other is

(the structure is shown as an inset). The inseAtshows the ellipticity ~Somewhat more compact with M, of 28 kD and s* of
values at 200 nm (filled circles) and 215 nm (filled triangle8). Far-Uv ~ about 6 S. The two species are assigned to (1) pelC unfolded
CD spectra of pelC (M) at pH 2 with increasing amounts of 2-naph- without ANS bound and (2) pelC refolded to the interme-
thalenesulfonate (0.05, 0.2, 0.3, 0.5, 1, 1.2, 1.5, 1.8, 2, 3, and 5 mM). Thejiate with ANS bound. These data indicate direct observa-
|2nset shows the eII|pt|C|ty_ values at 200 nm (o_pen circles). The_structure q{ion of two distinct species of similar mass and different
-naphthalenesulfqnate is also shown asan inset. The poor S|gnal-to-n0|s% . . .
ratio near 220 nm is a result of absorption by the naphthalene. shapes. This strongly supports the idea of a conformational
change in pelC on addition of ANS.

Overall, the sedimentation data support the idea that pelC
could be native-like and make a negative contribution to thes monomeric when refolded by ANS. The observed spectral
overall positive near-UV CD of the native protein. features are not the result of aggregation.

Spectral features such as those observed for pelC in the
presence of ANS might be the result of intermolecular as-
sociation. Sedimentation equilibrium experiments were
therefore performed to assure that pelC is still monomericTable 2. Apparent relative molecular mass of pelC complexed
under these solution conditions. The results indicated thawith ANS determined by analytical ultracentrifugation
pelC is indeed behaving as a monomer. However, the ap-

parent relative molecular mass (},), in the presence of [peic)

-4000 [~

[6] deg cm?/ dmol

-6000 |-

Rotor speed (1000 rpm)

ANS, is lower than, but within the estimated error of, the (uM) 18 25 33

expected monomer Mprf 37.7kD. Thg data mghcatg that 442 (378, -2.96-6) 30.7 (37.6, 1.0e-5) 25.2 (37.7, 3.66-5)
the low molecular mass is due to solution nonideality. Thez 50.1 (N/D) 30.1 (37.6, 2.2e-5) 23.8 (37.2, 1.7e-5)
observed molecular mass decreases with increasing rotér 49.5 (N/D) 30.6 (37.7, 4.2e-6)  29.3 (32.1, 2.1e-5)
speed and concentration (Table 2). For pelC at pH 2,

M, app = 38.0+2.6 kD. In the presence of 1M ANS Numbers in parentheses indicate the apparent molecular mass determined

. using a second virial coefficient, and the coefficient used. A mass was not
and atpH 2, the Mapp = 34.8 7.9 kD (reported errors are determined for 3 and pM at 18,000 revolutions per minute using a second

95% confidence intervals). The low M,, results because virial coefficient.
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Residuals

Absorbance

6.4

serve similar results. We conclude that the interaction be-
tween ANS and acid-unfolded pelC is both electrostatic and
hydrophobic in nature and this accounts for the relatively
high affinity of ANS for acid-unfolded pelC.

Our CD results are consistent with the findings of Ali et
al. (1999), who showed that ANS binding to the acid-dena-
tured form of oxidized cytochrome leads to refolding of
the protein. Taken together, the two studies strongly indi-
cate that ANS is a noninnocuous probe that can significantly
perturb the unfolded state of a protein, particularly if the
protein has a sizeable positive charge as in the cases of
cytochromec and pelC. Thus, reports of molten globule
formation detected by ANS fluorescence enhancement must
be considered suspect unless corroborated by other types of
evidence.
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Fig. 6. Sedimentation equilibrium data for pelC at pH 2 without ANS (

and with 100nM ANS (B). Both sets of data are fit to a single-species
model. Absorption optics were used for samples without ANS, and inter-
ference optics were used for samples containing ANS. Symbols represent
the measured signal, and the lines fit well to a single-species model. Both
figures show the data collected at 25,000 rpm.

Discussion

A significant fraction ofg-sheet structure is induced, along
with a small increase in the fraction afhelix, when acid-
denatured pelC is complexed with ANS. Extension of the
polypeptide chain in the process of acid denaturation is the
result of the repulsion of excess positive charges from basic
amino acid side chains. The negative sulfonate group of
ANS partially neutralizes the basic groups, which results in
stabilization of native-like secondary structure. The in-
creased fluorescence emission of ANS results from the
burial of this dye in the hydrophobic regions of the protein
on induction of folding. The large fraction of native-like
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secondary structure and the apparent lack of ordered ar@ig. 7. Sedimentation velocity data for pelC at pH 2 with 1@M ANS
matic structure in the pelC-ANS complex indicate that a(A). The symbols are the measured g(s*) values, the dashed lines are the
partially structured intermediate is stabilized in the Com_Gau33|an fits to each species, and the solid line is the sum of the two

plex. Our results indicate that this phenomenon can als

Gaussian peaksB) Data for pelC at pH 2 andd) pH 7. The symbols and
ﬁnes represent the measured g(s*) values and the Gaussian fit to a single

occur with the addition of 551_“- However, it requires almostspecies, respectively. All sedimentation velocity experiments were per-
1000-fold higher concentrations of NaCl than ANS to ob-formed at 60,000 revolutions per minute.
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