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The acid-induced folded state of Sac7d is the native state
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Abstract

Sac7d unfolds at low pH in the absence of salt, with the greatest extent of unfolding obtained at pH 2. We have
previously shown that the acid unfolded protein is induced to refold by decreasing the pH to 0 or by addition of salt
(McCrary BS, Bedell J, Edmondson SP, Shriver JW, 12B8)ol Biol 276203-224. Both near-ultraviolet circular
dichroism spectra and ANS fluorescence enhancements indicate that the acid- and salt-induced folded states have a
native fold and are not molten globul&H,*>N heteronuclear single quantum coherence NMR spectra confirm that the
native, acid-, and salt-induced folded states are essentially identical. The most significant differences iHaanide

15N chemical shifts are attributed to hydrogen bonding to titrating carboxyl side chains and through-bond inductive
effects. The'H NMR chemical shifts of protons affected by ring currents in the hydrophobic core of the acid- and
salt-induced folded states are identical to those observed in the native. The radius of gyration of the acid-induced folded
state at pH 0 is shown to be identical to that of the native state at pH 7 by small angle X-ray scattering. We conclude
that acid-induced collapse of Sac7d does not lead to a molten globule but proceeds directly to the native state. The
folding of Sac7d as a function of pH and anion concentration is summarized with a phase diagram that is similar to those
observed for other proteins that undergo acid-induced folding except that the A-state is encompassed by the native state.
These results demonstrate that formation of a molten globule is not a general property of proteins that are refolded by
acid.

Keywords: anion binding; ANS binding; circular dichroism; hyperthermophile; molten globule; NMR; small-angle
X-ray scattering;Sulfolobus

Proteins are commonly destabilized by acid with maximal unfold-jima, 1989; Fink et al., 1994; Fink, 1985.e., a folded intermedi-

ing typically occurring near pH 2Linderstrom-Lang, 1924; Tan- ate with native-like secondary structure as indicated by the far-Uv
ford, 1970; Matthew et al., 1985; Yang & Honig, 1993; Oliveberg CD spectrum, but an expanded structure with a radius of gyration
et al., 1994; Garcia-Moreno, 1999n many cases, a further de- approximately 10-20% greater than that of the native state, loss
crease in pH, or the addition of salt, leads to a collapse of thef close packing tertiary contacts as indicated by the absence of
unfolded chain into a compact “denatured” state referred to as thaear-UV CD and NMR chemical shift dispersion, and exposure of
acid or A-statgGoto et al., 1990; Fink et al., 1994The A-state is  hydrophobic patches as indicated by enhanced fluorescence of the
stabilized by anions contributed from either acid or salt. It has beerlye ANS. The acid-induced molten globule appears to be a native-
shown to exist for a diverse array of proteins ranging from nearlylike structure that has been forced to expand due to electrostatic
all a-helical to largely allB-sheet(Fink et al., 1994 In every  repulsion and therefore represents a folded protein in which the
instance described to date, the properties of the A-state have beetose packing of the core has been prevented. As such, it is thought
those of the so-called molten globylRtitsyn, 1987, 1995; Kuwa- by many to resemble an “on pathway” intermediate in protein
folding that might occur prior to the final reinforcement of the
native cooperative structuf@titsyn et al., 1990; Baldwin, 1991;
Reprint requests to: John W. Shriver, Department of Biochemistry andjennings & Wright, 1998 If the molten globule is a general in-

Molecular Biology, School of Medicine, Southern lllinois University, Car- ; ; ; ; ; ;
bondale, Illinois 62901 e-mail: jshriver@som.siu.edu. termediate in protein folding, it should be possible to generate such

AbbreviationsANS, 1-anilino-8-naphthalene sulfonate; CD, circular di- & Structure fqr any protein. It has therefore begn proposed to be a
chroism; DQF-COSY, double-quantum filtered correlation spectroscopy:general physical state of globular protei@hgushi & Wada, 1983;

DSC, differential scanning calorimetry; DSS, sodium 2,2-dimethyl-2- Goto & Fink, 1990; Ptitsyn et al., 1990; Stigter et al., 1991; Haynie
silapentane-5-sulfonate; HSQC, heteronuclear single quantum coherencg: Freire, 1993: Sanz et al., 1994: Fink, 1995

NOESY, nuclear Overhauser enhancement spectroscopy; Sac7, a group o .
7 kDa DNA-binding proteins fronsulfolobus acidocaldariysndividually Although molten globules can be formed by various perturba-

referred to as Sac7a, Sac7b, Sac7c, Sac7d, and Sac7e in order of increasii@'s of the native state, the acid-induced folded states have been
basicity; SAXS, small-angle X-ray scattering; UV, ultraviolet. the most commonly studied species. However, there has been rel-
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Fig. 1. Schematic representation of the solution structure of S@Eddondson et al., 1995howing the aromatic side chains and
neighboring residues experiencing the most significant ring current effects.

atively little work on characterizing the structural basis for the tacts are maintained in the remaining folded protéfig. 2).
formation of the acid-induced molten globul€inkelstein & Sha-  Addition of salt (0.3 M KCI) at pH 2 led to refolding and a
khnovich, 1989; Goto et al., 1990; Goto & Nishikiori, 1991; Stigter near-UV CD spectrum essentially identical to that observed at
et al., 1991; Haynie & Freire, 1993, 1994; Hagihara et al., 1994:higher pH(e.g., pH 3.5 and 6 Similarly, decreasing the pH to O,
Yang & Honig, 1994; Freire, 1995; Kay & Baldwin, 1998t is not either in the presendéig. 2) or absencéMcCrary et al., 1998of
clear why stabilization of a protein by anion binding at low pH KCI, also led to refolding and a near-UV spectrum similar to that
leads to an incompletely collapsed native structure, and not thebserved at high pH. For comparison, the near-UV CD spectrum
native structure. We show here that in at least one case acidvas lost upon increasing the temperature t6®%@t pH 0. Thus,
induced folding of a protein is capable of achieving the nativeSac7d folding at pH 2 is promoted by either salt or acid, and the
state. resulting structure appears to have native-like tertiary structure.
Sac7d is a small66 residue, 7,600 MWDNA-binding protein
from the thermoacidophil8ulfolobus acidocaldariysan archaeon
growing up to 85C in hot springs around the worl@rock et al.,
1972; Grote et al., 1986; Stetter et al., 129he protein folds into
a compact, globular monomer with a hydrophobic core of 10 side
chains including two tyrosines and two phenylalanifegy. 1)
(Edmondson et al., 1995As might be expected for a chromatin r
protein, it is highly basic with 14 lysines, 4 arginines, 7 glutamates, 0.03
and 5 aspartates. The protein has proven to be exceptionally well
behaved for structural thermodynamic studies of the origin of hy-  0.02
perthermophile protein stability with &, at pH 7 of 90.7C and r
a maximal stability of 6.2 kcélmol at 17°C (McAfee et al., 1995; ‘:’io_m s

0.04 e
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McCrary et al., 1996, 1998 w .
0.00 [--{t--7----- /T s

Results

-0.01
Circular dichroism

-0.02 . . : .
Both the near- and far-UV CD spectra of Sac7d are pH dependent 240 260 280 300 320
in the absence of sa#nd indicate protein unfolding with decreas- Wavelength (nm)

ing pH down to pH 2, and then refolding at lower gMlcCrary Fig. 2. Near-UV CD spectra of Sacd mg/mL) at pH 5.0, 3.5, 2.0, and
etal., 1998 The far-UV spectra indicate that maximal unfolding 510 3'm KCI(0.01 M glycine at 25C). The CD spectrum at pH 2 in

(viz. 75% is obtained at pH 2 in the absence of added @dlt-  the absence of added salt is also shown along with thermally unfolded
Crary et al., 1998 The near-UV spectra showed that tertiary con- protein at pH 0 and 9.
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ANS fluorescence ity of the NH bond.*H,*>N HSQC spectra of Sac7d were collected

ANS fluorescence has been used to detect the presence of hydr%§ a function of pH with and without 0.3 M KQFig. 4). In the

habic regions in proteingStryer, 1965 and as a diagnostic indi- absence of salt, significant unfolding was observed at pH 2 as
Eator of thge collapsed molter): gI’obuIe stéulgeen 8?Kronman indicated by collapse of the chemical shift dispersion in both the

1 15 i i iari
1982; Semisotnov et al., 1991Although ANS binds to proteins 1H and 15N dmensmns. _In the presence of _salt, the majority of the
o . . - H and >N amide chemical shifts showed little change from pH 0
through electrostatic interactiori#latulis & Lovrien, 1998, the o L . .
to 7.2 indicating no significant difference in Sac7d structure. In-

%I_eed, the HSQC spectra in the presence of 0.3 M KCl at pH 2 and

gzra(:i?/ gogg:c;zg;?nz (;:l;e g)u (I);eticeegtfse(r)]f(:eA’(;lsz;\IIf ;t unHa;f e\fvtﬁgreb)b are identical, except for the loss of a few peaks due to more rapid
P 9. 9. pr 2, cthemical exchange at the lower pH. The NMR linewidths are

about 75% of Sac7d is unfolded, there was a sixfold enhancemen

consistent with monomeric native, acid-, and salt-induced folded
of ANS fluorescencéat 500 nn). In contrast, the fluorescence of . . X
. ) - forms. This is further supported by monomeric two-state unfolding
ANS was relatively unchanged in the presence of the acid- o

salt-induced folded forms of Sac7d. Acid-induced foldipgd 0) for all three speciesMcCrary et al., 1996 We conclude that the

led to a slight loss in fluorescence intensity while the salt induceolStrUCtureS of the amd-mdu_ced _folded state at pH 0 and the salt-
induced form at pH 2 are identical.

folded form at pH 2 showed a 1.5 fold enhancement relative to the We focus here on pH-dependét chemical shift changes greater

native at pH 7. Both acid- and salt-induced forms showed esser}ban 0.1 ppm and®N shifts greater than 1 ppm in the presence of
n

tially the same negllglbl_e effec_t on ANS fluorescence enhanpeme salt with the intent of comparing the acid- and salt-induced folded
as the native state, which indicates that the salt- and a(:ld-lnduceofl . . . i
ates to the native state. Briefly, the largest change in the amide

folded states are not molten globular. As a control, we measureaH chemical shifts induced by decreasing pH in the presence of

the effect of n.atlve and molten globutelactalbumin on ANS salt occurred at the C-terminal Lys66, which shifted downfield
fluorescenceFig. 3). Although ANS fluorescence was unaffected ~ o s .
. . (Adyn = +0.43 ppm due to an “intrinsic titration shift{Bundi &
by the presence of the native state @lactalbumin at pH 7, o . . .
i o . Waiithrich, 1979 reflecting through-bond inductive effects due to
formation of the molten globule by titration to pH (Kuwajima o . .
. the titration of the C-terminal carbonyl with an apparent pK of 3.2.
etal., 1976; Fink et al., 1994ed to an 18-fold enhancement of the - . .
. . o The next most significant changes occurred in the connectipg 3
fluorescence intensitya-Lactalbumin is an example of a Type I : . .
T o . . helix between thg-ribbon and the following three-stranded sheet
protein in the classification scheme of Fink et @994 in that .
. . ; (Serl8,A6ny = —0.92 ppn), in the loop between strands 2 and 3
addition of acid leads directly to the molten globul€he molten . .
L of the sheetAsn37,+0.54 ppm; Gly38,-0.70 ppm, and also in
globule of a-lactalbumin in the presence of sdl®.3 M KCI) . .
. the N-terminal NH of thex-helix (Glu53,—0.79 ppm. The largest
showed a sixfold fluorescence enhancement over that observed foF] 5 . . . . .
the native state Cchanges inN chemical shift occurred in the same locations, i.e.,
' the amide nitrogen of the C-terminal Lys66, which shifted upfield
(ASN = —5.4 ppm), in the connecting B helix (Ser18,—2.6 ppn),
and then in the open loopAsp36, —3.77 ppm; and Asn37,
+3.1 ppm.
Amide *H and®N chemical shifts are sensitive indicators of pro- A closer look at the changes in the chemical shifts as a function
tein structure and electrostatic perturbations due to the polarizabilef pH provides some insight into the effect of gFig. 5; Table 1.

Amide*H and 15N chemical shifts
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Fig. 3. Fluorescence emission spectra of ANS in the presence of Sac7elasthlbumin at pH 7, 2, and also at pH 0 for Sac7d. All
spectra were collected with AM protein and 250wM ANS at 25°C. The emission spectrum of ANS in the absence of protein was
insensitive to pH and salt and was similar to that observed at pH 7 in the presence of Sacléttatbumin.
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Fig. 4. *H,">N HSQC spectra of Sac7d at pH 0 with 0.3 M KCI, pH 2 with no added salt, pH 2 with 0.3 M KCI, and pH 4.0 with 0.3 M
KCI. All spectra were collected at 3C. Assignments are indicated by residue type and number. The side-chaiprbiidns of the
single asparaginéN37) are connected by a horizontal line. The Niproton of the single tryptophatW24) appears in the lower left
corner of the spectra at pH 2 and 4. Neither the asparagingdiithe W24 NH! protons could be observed at pH 0 due to fast
exchange with solvent.

In the amino terminaB-ribbon, a very small effect of pH on the residues has little effect on the structure of the protein in this
NH and N chemical shifts of Glull, Glul2, and Glul4, was ob-region and the apparent pKs are approximately 3.7 to 4.1. As
served, with the magnitude and direction of the pH induced shifindicated above, the first residue in the sequence with a significant
consistent with through-bond inductive effe@undi & Withrich,  perturbation was at Ser18 with a large upfield skif0.92 ppm
1979. These data indicate that the effect of titration of these acidioof the NH with decreasing pHKFig. 5A). The apparent pK indi-
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Table 1. Amide*H and **N chemical shift changes with
apparent pKs observed for all acidic and other
significantly affected residues
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Residue ASNH? PKapy Ay PKapp
B-Turn
Glull +0.089 3.970.58 -1.14 4.10(0.9)
B-Ribbon strand 2
Glul12 (<0.02 — -0.73 3.700.98
Lys13 +0.17 4.350.86 +1.21 4.82(1.4)
Glu14 (<0.09 — -1.43 4.10(0.66
Connecting 3 helix
Aspl6 +0.25 2.54(0.59 -1.1 2.81(0.99
Serl8 -0.92 2.96(0.7) —2.60 2.930.68
Loop betweenB-sheet strands 2 and 3
Asp35 +0.061 2.970.99 -1.85 3.4(0.86
Asp36 +0.074 3.501.18 -3.77 3.11(0.72
Asn37 +0.54 3.150.77) +3.10 3.21(0.78
Gly38 -0.70 3.41(0.93 -1.63 3.46(0.99
B-Sheet strand 3
Gly41 -0.22 3.66(1.4) -1.60 3.581.15
Alad4 +0.21 3.34(0.7) +0.37 3.72(0.89
Ser46 -0.22 3.46(0.93 (<0.5 —
Connecting 3 helix
Glua7 (<0.10 — -1.33 4.130.90
Asp49 +0.11 3.07(0.82 —1.48 3.5200.90
a-Helix
Glu53 -0.79 3.62(0.80 -1.23 3.67(0.89
Leu55 (<0.09 — -0.94 3.41(0.84
Asp56 -0.24 3.56(1.09 -1.82 3.44(1.1)
Met57 +0.26 3.30(0.57) +0.53 2.50(0.58
Glu62 -0.12 4.101.47) (<0.3 —
Glue4 -0.23 2.94(0.76 (<0.1 —
Lys66 +0.43 3.22(0.99 —5.40 3.150.79

7.0 -

Fig. 5. Representative effects of pH on the amitld chemical shifts
of residues in(A) the amino terminaB-ribbon and following 3, helix,

(B) the centralB-sheet(D35-A50), and(C) the C-terminak-helix.

aDifferences are the maximal change in chemical shift observed as a
function of pH in 0.3 M KCI, expressed @an — da, With a positive value
indicating an downfield shift upon protonation.

bApparent pKs are phenomenological parameters characterizing the pH
dependence of the NH artdN chemical shifts. They represent titration of
neighboring acidic groups, and not the amide proton. Numbers in paren-
theses are the apparent Hill coefficients, with a value of one expected for
a single titrating group.

of a carboxyl group hydrogen bonded to the KBindi & Wiithrich,
1979. The NH of Serl8 is solvent exposed and is probably hy-
drogen bonded to the carboxyl of Aspl16, and thus its chemical
shift most likely reflects the titration of Asp16. The reduced ap-
parent pK indicated by the NH of Asp1bBe., 2.54-2.81supports
this interpretation.

None of the amide chemical shifts in the first and second strands
of the B-sheet(Lys21 through Tyr3twere affected significantly

cates a titrating group with a pK of about 2.8. Residues 16 througtby pH. This is a basic region of the sequef@dysines, 1 arginine

19 are involved in a single turn ofighelix connecting th@-ribbon

and contains no acidic residues. The next most affected resonances

with the following three-stranded sheet. The size and direction ofire solvent exposed and are located in the loop between the second
the pH-induced shift of Serl8 NH are consistent with the titrationand third strands of the three-stranded sheet composed of residues
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36—40(Fig. 5B). The carboxyl side chain of Asp35 is in close Table 2. pH Dependence of chemical shifts of Sac7d protons
proximity to the NH of Asp36 as well as that of Gly38, and the most affected by ring current interactiofs
carboxyl of Asp36 is hydrogen bonded to the NH of Asn37. The

pKs of both aspartates appear to be around 3.2 to 3.4. In the third 'H chemical shifts
strand of theB-sheet that follows, some small but clear effects Residue Proton Random cbil  pH 0 pH 2 pH 4
were seen for the NH protons of Gly41, Ala44, and Ser46, with the

amide nitrogen shift of Gly41 showing a significant variation with Lys9 a 4.36 3.68 3.67 3.63
pH. These effects are relatively small and do not appear to be Bl 1.76 1.52 1.52 151
derived from structural perturbations since the large ring current B2 1.85 1.76 1.78 1.80
shifts observed for the & of Gly41l and Gly43 are largely un- Y 145 0.47 0.49 0.55
affected by pH(see below. In the succeeding,3 helix, perturba- ® 170 0.78 080 0.82
tions were observed for the nitrogen chemical shift of the amide-ys13 Bl 1.76 0.35 0.35 0.36
nitrogen of Glu47 and Asp49 due to titration of the carboxyl side Y 1.45 1.02 1.05 1.03
chains of these groups with magnitudes comparable to that seen f§g20 o 0.89 0.044 0.062 0.043
Glull, Glul2, and Glul4 in thg-ribbon. Finally, the effect of Ser31 Bl 3.88 — 2.00 2.09
decreasing pH on the amide chemical shifts of dghbelix were B2 3.88 — 2.45 2.42
small except for the NH of Glu53 at the N-terminal of the helix and Gly41 al 3.97 2.64 2.64 2.43
the C-terminal Lys66(Fig. 5C). The size and direction of the a2 3.97 4.28 4.26 4.22
pH-induced shift of Glu53 NH is that expected for an intraresiduegjy43 ol 397 245 244 235
hydrogen bond between a Glu NH and its own carboxyl side chain a2 3.97 3.97 3.96 3.84

(Bundi & Wiithrich, 1979; Mayer et al., 1979As noted above, the

magnitude and direction of the pH-induced shift for the NH of aChemical shifts are measured relative to internal DSS in 0.3 M KCI.

Lys66 is that expected for through-bond induced effects from the PRandom coil values are taken from Wiithri¢t986).

terminal carboxyl.

Thus, the most significant differences between the native, acid-,

and salt-induced folded state amidld and **N chemical shifts

were observed primarily at exposed amides and are attributed to

titration of carboxyl groups hydrogen bonded to the affected amidénonomeric. The slope of the Guinier plot indicatesRgfior Sac7d

protons. The terminal Lys NH is the primary exception and this carPf 12.8+ 0.3 A at pH 7.

be explained by inductive effects. There is no evidence in the The distance pair-distribution functid?(r) calculated from the

HSQC spectra for significant differences between the native strucscattering curve of Sacf@ig. 7) is another indication of the shape

ture and those of the acid- and salt-induced states. and size of the scattering particle. TRér) function of Sac7d at
pH 7 shows an approximately symmetrical peak characteristic of
globular proteins with a maximum dimensidp, of about 35 A.

Ring current shifts The second moment d¥(r) is a more reliable method of deter-

) o . mining Ry than the Guinier approximation and gave By of
Ring current effects are exquisitely sensitive to the structure and 4+ 9.1 A for Sac7d at pH 7.

packing of aromatic side chains in proteins due to a strong depen-
dence on both distance and orientation relative to the plane of the
aromatic ring Dwek, 1973; Williamson et al., 1992; Case & Wright,
1993. The side chains of two tyrosines and two phenylalanines are
packed within the hydrophobic core of Sadfig. 1) and lead to
significant ring current-induced shifts in adjacent residued-
mondson et al., 1995The chemical shifts of affected backbone
and side-chain protons in Lys9, Lys13, 1le20, Ser31, Gly41, and
Gly43 were monitored by two-dimension@D) DQF-COSY as a
function of pH (Table 2; and the magnitude of the ring current
shifts showed little change from pH 4.5 to 0 in 0.3 M KCI. The
small changes indicate that the tertiary structure and core packing
of the native, acid-, and salt-induced folded states of Sac7d are
essentially identical.

1(Q)

Small angle X-ray scattering ! pH 7.0 o

Small angle X-ray scattering was used to measure the radius of 0 0.01 0.02 0.03
gyration(Ry) of Sac7d as a function of pH in the absence of salt. QAP
The X-ray scattering profile of Sac7d in 0.01 M KPIO, (pH 7.0

was found to be typical of globular proteins with little dependencefig- 6. Guinier plots of scattering data for Sac7d in 0.01 M 4, at

. . . . > pH 7.0(bottom curve, at pH 0(middle curve, and at pH 2.Qtop curve.
on protein concentration. Guinier plotge., In[(1(Q)] vs. Q%) The data were extrapolated to zero protein concentration. The curves are

were linear at smalQ (Fig. 6), and extrapolation to zerQ gave isplaced for clarity. Error bars represent S.D. The solid lines represent
a molecular weight of 7,500, consistent with the protein beingthe fits to the Guinier approximation.
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T T T T Ty Discussion

- 1 Spectroscopic and scattering data demonstrate that the acid- and
salt-induced folded states of Sac7d have a size and fold essentially
L N T pH O - identical to that of the native state. The methods utilized here are
L : ! those commonly used to demonstrate the existence of a molten
\ globule, which is typically indicated by a loss of the near-UV CD
spectrum and reduced NMR chemical shift dispersion due to loss

of tertiary interactions, enhanced ANS fluorescence enhancement

L Yf{ﬁ}m& 3 rﬂﬂﬂ-ﬁﬂﬂ{ — due to the presence of hydrophobic surface area, and an expanded

P(r)

structure indicated by an increased radius of gyratkumwajima,
LX\ h 1989. Surprisingly, all of the data presented here indicates a native
i = ] state under the conditions that are expected to create a molten
B x{ . globule in a protein that undergoes acid- and salt-induced folding.
i H‘N 1 The increased size of the molten globule relative to the native
e L L [Tr. state is one of its most interesting and defining characteristics
0 10 20 30 40 50 60 (Goto & Fink, 1989; Damaschun et al., 1991; Fink et al., 1993;
r (A) Kataoka et al., 1993, 1995, 1997; Gast et al., 1994; Doniach et al.,
1995; Eliezer et al., 1995; Semisotnov et al., 1996; Chen et al.,
Fig. 7. P(r) distribution functions of Sac7d protein at pHZ—), pH 2 1996; lkeguchi et al., 1997For example, the acid molten globule
(—-—), and pH 0.0- - - - 5. of a-lactalbumin shows a 9% increaseRy (from 15.7 to 17.2 A
(Kataoka et al., 1997 apomyoglobin shows a 13% incred4€.5
t0 19.7 A (Kataoka et al., 1995and cytochrome a 29% increase
(13.5to 17.4 A (Kataoka et al., 1993 The lack of expansion of
The Ry measured by X-ray scatteriri2.4 A is in good agree-  the Sac7d acid-folded state relative to the N stafed+ 0.1 A for
ment with that calculated from the NMR solution structure of the native from the second moment of tRér) function, and
Sac7d(entry 1sap in the Protein Data Banksing the program  12.5+ 0.1 A for the acid folded statas therefore taken as strong
HYDROPRO(de la Torre et al., 2000vith an atomic equivalent evidence against the acid-folded state being a molten globule.
radius(AER) of 2.7 A. The expected AER for proteins in vacuo is  The fluorescence enhancement of the dye ANS is also typi-
about 1.8 A, and the differend®.9 A) is attributed to the hydra- cally used as an indicator of a molten globule stdtkilgeen &
tion layer. The mean AER for proteins with molecular weights lesskronman, 1982; Goto & Fink, 1989; Semisotnov et al., 1991;
than 100 kD is 2.6+ 0.3 A, and thus Sac7d does not appear toFink et al., 1994 presumably due to interactions with hydro-
exhibit any unusual hydration effects. phobic patchegStryer, 196%. Typically, the fluorescence is un-
The radius of gyration of Sac7d obtained from scattering datachanged in the presence of the native state, while the unfolded
collected in low salt was found to be dependent on pH. At pH 2 instate leads to some enhancement, e.g., sixfold in parvalbumin
the absence of salt th&, increased to 18.% 1.0 A as determined  (Fink et al., 1994 and twofold in 8-lactamase(Goto & Fink,
by the Guinier approximation, and 220 0.2 A as determined 1989. The sixfold enhancement observed here for acid unfolded
from the second moment of t&r). Further, theP(r) distribution Sac7d is consistent with these observations. The small enhance-
function indicated an expanded structure witlha,of about 55 A, ment observed for unfolded protein is sometimes given as an
consistent with a largely unfolded protein. The bilot(r) is indication of partial structure in a thermally unfolded protein,
similar to that observed for a number of other unfolded proteinssince enhancement presumably results not only from the pres-
and a Kratky plot] (Q) X Q2 vs. Q (not shown, of the scattering ence of hydrophobic groups, but also from hydrophobic patches.
data was consistent with an unfolded chain at ptK&taoka etal., For this reason, a greater enhancement has been observed for
1997). the molten globule, e.g., about 14-fold in parvalbungifink
The scattering profile of Sac7d in 0.01 M KPO, at pH 2 et al.,, 1994, 15-fold in B-lactamasegGoto & Fink, 1989, and
contained a large contribution from the interparticle structure fac-an 18-fold enhancement observed here delactalbumin. The
tor, as indicated by a decrease in scattered intensity foQaata  negligible changes in ANS fluorescence observed for the acid-
(Fig. 6), and this effect could not be eliminated completely by and salt-induced folded forms of SacT#l.5-fold enhancement
extrapolating to zero protein concentration. At pH 2 repulsive forcedor the salt-induced and 0.7 for the acid-induced fpbtherefore
between highly charged Sac7d proteins give rise to strong interindicate that the acid- and salt-induced states are native like and
particle interference effects. Therefore, Rgcalculated for Sac7d  not molten globular.
at pH 2 may be underestimated, but this does not change the The remarkably large chemical shift dispersion observed here
conclusion that the protein is mostly unfolded at pH 2 in the for amideH and*®N chemical shifts in the acid- and salt-induced
absence of salt. folded state of Sac7d is similar to that seen for the native state and
At pH 0 the Guinier approximation indicates &g of 12.8 + is in marked contrast to that seen for other protein A-states. For
0.2 A, identical to that found for Sac7d at pH 7. Also, th&) example, a significant loss in dispersiontid chemical shifts upon
distribution function is identical within experimental error to that formation of a molten globule, similar to that seen upon unfolding,
obtained at pH 7 with @, 0f 36 A. The second moment of the has been observed farlactalbumin and ribonuclease HBaum
P(r) gives anRy of 125+ 0.1 A for Sac7d at pH 0. These et al., 1989; Chamberlain & Marqusee, 1998nd pronounced
observations indicate that the acid-induced folded state Has a collapse of the chemical shift dispersion’sf, >N HSQC spectra
identical to the native state. has been described upon molten globule formation for apomyo-
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globin anda-lactalbumin(Eliezer et al., 1997, 1998; Kim & Baum, for all, or at least most, acid denatured proteins. The functional
1998. dependence of the extent of folding Sac7d on temperature, pH, and
We have previously demonstrated that the far-UV CD spectra ofalt concentration has been previously obtained by fitting a wide
Sac7d indicate maintenance of the native secondary structure imrray of CD and DSC data to a simple model that includes the
the acid- and salt-induced folded statddcCrary et al., 1998 linkage of two protonation and two anion binding reactions to
Titration of the protein from N to U and then to acid-folded state protein folding(McCrary et al., 1998 We use this model here and
with decreasing pH in low salt leads to a well-defined isodichroicthe fitted parameters to construct a phase diagram for Sac7d by
point in the far-UV CD, indicating only two states, N and U plotting the chloride concentration required to achieve 50% fold-
(i.e., the acid folded state is identical to)NSimilarly, salt- ing as a function of pHFig. 8. The phase diagram is similar to
induced folding at pH 2 also shows a single isodichroic point in thethose observed experimentally and predicted for proteins forming
far-Uv CD. acid unfolded states, except that the N-state region encompasses
Molten globules typically show negligible thermal transitions the expected A-state molten globular region.
upon unfolding by DSGYutani & Ogasahara, 1992; Griko et al., It is not clear why Sac7d should demonstrate this unique ability
1994; Griko & Remeta, 1999 The classic example is the total to refold to the native state at low pH. As pointed out by Dill and
absence of an endotherm fedactalbumin at pH 2 where the acid Shortle(1991), understanding the forces responsible for formation
molten globule is formedGriko et al., 1994 In contrast, we have of denatured and compact denatured states may be as difficult as
previously shown that thermal unfolding of both acid- and salt-determining those leading to the native state. It may be that the
induced folded Sac7d is a cooperative transition as indicated by anique behavior of Sac7d is a result of it being highly basic. But
well-defined DSC endotheritMcCrary et al., 1996 The thermal  a high pl seems an unlikely explanation since a basic protein
unfolding of both the acid- and salt-induced folded states indicatesvould be even more positive at low pH and therefore less likely to
that these unfold by a two-state transition as monomers. There i®ld properly. Cytochrome is also very basic with a pl of 10.6, yet
no evidence of aggregation of either species. In high Gat, it is an “archetypal” Type IA protein in the Fink classification
0.3 M KClI) the T, decreases with decreasing pH to reach a min-scheme.
imum of 58°C (AH,, = 41 kcal/mol, AH.y = 45 kcal/mol)
around pH 1.5. Th&, increases with a further decrease in pH to )
give aT,, of 63.3°C at pH 0(AHey = 44.4,AH,, = 44.7 kcay ~ Materials and methods
mol). The variation ofT, with pH has been shown to be consistent
with the linkage of hydrogen ion and anion binding to a two-stateSample preparation

N < U unfolding reactior(McCrary_ etal., 1998 . ) Recombinant Sac7d was prepared as described previgusix-
As far as we are aware, Sac7d is the only protein described e ot al., 1995 Bovine a-lactalbumin(Sigma, St. Louis, Mis-

date in Which thg acid unfolded chain is promoted into the nativesourD and ANS (Fluka, Buchs, Switzerlandwere used without
fold by either acid or salt. Fink et a{1994 have proposed three

classes of proteins in terms of their response to acid and salt. Type
| refers to proteinge.g.,3-lactamase, apomyoglobin, cytochrome
that unfold at low pHe.g., pH 2 and then refold upon addition of

salt to an A-state characterized by native-like secondary structure 10 I
but little or no tertiary structure. Type Il proteifs.g.,a-lactalbumin

and carbonic anhydrasdirectly form the A-state upon lowering 0.08 _

pH without unfolding, and Type Il proteinéncluding T4 lyso- e A N

zyme, chicken lysozyme, and ubiquitiremain native-like and do \

not unfold or form an A-state down to pH1. Type | proteins were 0.06 \

total

further divided into three classéé, B, and Q that differ in the _

extent of acid-induced unfolding and amount of structure in thest
A-state. In some respects, Sac7d resembles the type IC protei 0.04
(papain, parvalbumin, and ribonucleasg that are partially un-

folded with a decrease in pH; but acid or salt induce a molten

globule in these proteins with little tertiary structure as indicated 0.02
by loss of the near-UV CD spectrum. Ribonuclease A was an
exception in this group and appears to behave more like Sac7d in
that it regains most of its tertiary structure in the salt-induced oo J SN S S S % S
folded state at pH 1.5. The results for Sac7d indicate that a fourth 1 2 3 4 5
class, Type IV, is required in the Fink classification scheme in pH

which the acid- and salt-induced folded states are identical to the

native state. It remains to be seen if RNase A is also a member Jfi9- 8- Phase diagram for Sac7d as a function of pH and chloride ion
this class concentration calculated from a linkage model containing two protonation

. . . sites and two anion binding sites linked to folding, with parameters ob-
The relative populations of the N, A, and U states for a proteintained from fitting multidimension0—100°C, pH 0—pH 8, 0-0.3 M KQI
that undergoes acid-induced folding have been summarized by BSC and folding progress surfaces followed by (cCrary et al., 1998

2D phase diagrarfGoto & Fink, 1990; Alonso & Dill, 1991 that The pH is assumed to be adjusted with HCI. The solid line indicates the

. . - . _dependence of 50% unfolding on pH and chloride concentration, while the
describes the extent of folding as a function of pH and ani9Nyashed lines indicate 25 and 75%. The dotted line indicates the upper limit

concentration. Goto and Firfle990 proposed that the features of of the region of the phase diagram inaccessible due to contribution of
the phase diagram observed for apomyoglobin would be commobhloride by the acid.

Inaccessible

o
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further purification. Protein concentrations were determined specNMR
trophotometrically using published extinction coefficients for Sac7d

(McAfee et al., 1995anda-lactalbumin(Kuwajima et al., 1985 Two-dimensionafH DQF-COSY NMR spectra were collected on

a Varian VXR-S 500 MHz NMR spectrometer on 5 mM protein in
0.7 mL of 90% H0O/10% D,O at 30°C. The pH was adjusted with
concentrated HCI. Spectra were recorded in the phase-sensitive
mode(Piatini et al., 1982; Rance et al., 1988ith the transmitter
Fluorescence spectra were collected with an SLM 8000C spectrasarrier frequency set on the water lifBuiderweg et al., 1986
fluorimeter with thermostated cell holders at°®5 The concen- Wwhich was suppressed by presaturation with minimal power. Chem-
tration of protein and ANS were 1 and 250M, respectively. ical shifts were referenced to DSS indirectly using the water chem-
Fluorescence emission spectra were obtained by excitation at 390 nigal shift. *H, **®N HSQC data were collected on 2.5 mM protein
with a bandwidth of 1 nm for both excitation and emission. Sac7dsamples in 0.7 mL 90% }D/10% D,O at 30°C using a Varian
anda-lactalbumin were dialyzed overnight against 1 mM glycine INOVA 500 MHz NMR spectrometer with gradient selection of the
(pH 5.6 and diluted into the appropriate buffer for measurements'°N magnetization and minimal perturbation of the watkay

at pH 2 and 7(10 mM KH,PQ, at pH 7.0 or 1 mM glycine at et al., 1992; Zhang et al., 1994The salt concentration was ad-
pH 2.0. Concentrated HCIl was used to adjust the pH to 0 using gusted with concentrated KCI, and the pH was adjusted with con-
glass pH electrode. Concentrated K@issolved in the respective centrated HCI. Typical data sets consisted of $icrements
buffers was used to adjust the salt concentration. with 1,024 complex data points in thg dimension, with a'H
spectral width of 6,000 Hz and ai¥N width of 1,700 Hz. Data
were apodized with a shifted sine squared window functiéh.

ANS fluorescence

Small-angle X-ray scattering chemical shifts were referenced to internal DSS, andtNechem-
) ) ) ) ical shifts were calculated as described by Wishart e{1#95.
Protein samples were concentrated with CentricotABIicon, s spectral assignments were obtained using a combination of

Beverly, Massachusejtsoncentrators to about 30 mgL and 3D HSQC-NOESY and HSQC-TOCSY dathang et al., 19094
washed with 1 mM glycine buffer, pH 7.0 with repeated filling and 54 the previously obtainetH NMR assignment$Edmondson
centrifugation. Ailquots were dialyzed extensively against 0.01 Mg; g1 1995,

KHPO, adjusted with KOH or HCI to pH 7.0, 2.0, and 0.0 @ The pH dependence of the most affected resonances was quan-
measured with a pH glass electrode. The dialysate was used {%ieq in terms of the size of the maximal change in chemical
dilute stock solutions of Sac7d to the appropriate concentrationifi an apparent pK, and a Hill coefficient by fiting the pH

and to measure the scattering baseline.  dependence of the observed chemical shift to the expression
Small angle X-ray scattering data were collected on beam"”?Markley 1975:

X12B at the National Synchrotron Light Source, Brookhaven Na-
tional Laboratory using a MAR 300 image plate located 1.2 m
. . 1 1
from the quartz capillary tube sample holder. Scattering data were == + San ( )

Bops = = Oa~ - -
converted td (Q) vs. Q, wherel (Q) is the scattered X-ray inten- e 1—10"PK-PH) 1—10"PK-PH)

sity andQ is related to the scattering anglé By Q = 4 (sin6)/A _ _
where A is the X-ray wavelengtt{1.5 A). Scattering data were Wwhere pK is that of the groufor groups leading to the observed
collected fromQ = 0.007 to 0.35 A%, and the net scattering was Cchemical shift perturbatior§j - is the chemical shift of the high
determined by subtraction of a normalized scattering profile ofpH limit, 54 is the shift of the low pH limit, andh is the apparent
dialysate in the same sample cell. Scattering data were measuredHill coefficient.
20°C for protein samples ranging from 10 to 25 fng, and
scattering functions d_ivided by con_ceqtration were_linearly eXtrap‘Acknowledgment
olated to zero protein concentrati@Rilz, 1983 using a least-
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