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ABSTRACT. Proteins denature at low pH because of intramolecular electrostatic repulsions. The addition
of salt partially overcomes this repulsion for some proteins, yielding a collapsed conformation called the
A-state. A-states have characteristics expected for the molten globule, a notional kinetic protein folding
intermediate. Here we show that the addition of neutral sugars to solutions of acid-denatured equine
ferricytochromec induces formation of the A-state in the absence of added salt. We characterized the
structure and stability of the sugar-induced A-state with circular dichroism spectropolarimetry (CD) and
NMR-monitored hydrogerdeuterium exchange experiments. We also examined the stability of the sugar-
induced A-state as a function of sugar size and concentration. The results are interpreted using several
models and we conclude that the stabilizing effect is consistent with increased steric repulsion between
the protein and the sugar solutions.

Structural and stability studies of molten globule-like states MATERIALS AND METHODS
have been instrumental in expanding our knowledge of ] ] .
protein folding. Molten globules, notional kinetic folding ~ EQquine cytochrome (Type VI, Sigma Chemical Co.) was
intermediates, are compact and possess nativelike secondarjurified by cation-exchange fast-preparative liquid chroma-
structure and some native tertiary contacts-). An tography, dialyzed against distilled, deionized water, and
equilibrium model for the molten globule, the A-state, has lyophilized. D,O (99.9%) and DCI (35%) were from
been observed for several proteins, including cytochrome ~Cambridge Isotope Laboratories, Inc. Prior to the NMR
Adding HCl to native ferricytochromeat low ionic strength ~ €xperiments, melezitose was dissolved #0ODand lyophi-
denatures the protein; further addition produces the A-statelized to exchange labile protons for deuterons.
(4). Adding salts to the acid-denatured state also leads to Circular Dichroism CD spectra were acquired at°C
formation of the A-stateH). Circular dichroism (CD)data on an Aviv 62DS spectropolarimeter equipped with a
show that the A-state possesses nativelike amounts oftemperature-controlled five-position sample changer. The
secondary structures and mutagenesis studies show that cytochromec concentration was 16M for far-UV spectra
it possesses some native tertiary contact8). Hydrogen- and 50uM for near-UV/Soret spectra. Native-state spectra
deuterium (H/D) exchange NMR studies of the NaCl-induced were acquired in 50 mM sodium acetate, pH 4.6. Other
A-state of cytochromec (9) show that the CD-detected spectra were acquired in a pH 2.0 HCI solution containing
secondary structure resides in native secondary structurakither 2.0 M NaCl or 0.7 M melezitose. Each scan was
elements (the 60s, N- and C-terminal helices). acquired with 0.5 nm resolution and an averaging time of 3

We show that a variety of polyol osmolytes (electrically s/pointin a 0.1 cm cuvette. Each spectrum is the average of
neutral, low molecular weight compounds) stabilize a low three scans.
pH species with properties reminiscent of the A-state of |gothermal TitrationsData were acquired in pH 2.0 HCI

ferricytochromec. We_the_n set out to de_termine if the 4t1°C. Samples were preincubated for 10 min a€lbefore
osmolyte-induced species is structurally equivalent to the salt- 454 acquisition. Glycerol, glucose, and galactose titrations

induced A-state and to find the source of the sugar-induced,yere performed by acquiring spectra for individual samples.
stability. Sucrose, trehalose, melezitose, and stachyose titrations were
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deuterium exchangé,;, first-order rate constant for peptide hydrogen of osmolyte concentratipn [wherl = 0‘/_(1 — a)] and. .
deuterium exchangées observed first-order rate constant for protein ~ calculated the slope and intercept. To replicate the conditions
hydrogen-deuterium exchange; pD, uncorrected pH meter rea@ng;  of the NMR experiment (see below), the melezitose titration

percent probability that a linear correlation coefficient arises from ; ; ; _
uncorrelated data; r, linear correlation coefficient; SASA, solvent- was repeated in ) solution with a fully BO-exchanged

exposed surface area; SPT, scaled particle thedBy, free energy of ~ Sample at 20°C. Error estimates were determined by
denaturation. incorporating the fitting uncertainties into a linear model.
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Table 1: Dependence &AGp on Osmolyte ConcentratiodAAGp/dCos, for the A== D Transition, pH 2, 1°C?
OAAGP/6Cos [keall/(molM)]

calculated

osmolyte radius (A) type observed excluded volume SPT sphere SPT kissing spheres
glycerol 2.7 half saccharide 0#0.1 9.3-19.6 0.4-0.8 1.2

glucose 3.2 monosaccharide 8.3 9.6-20.4 0.6-1.2 2.2

galactose monosaccharide #5.2

sucrose 4.0 disaccharide 2020.1 10.x-21.4 1.6-2.0 3.8

trehalose disaccharide 2#40.1

melezitose 4.6 trisaccharide 4110.3 10.4-22.1 1.2-24 5.0

stachyose 5.0 tetrasaccharide £0.2 10.722.6 14238 5.9

a Excluded-volume theory3@) and scaled particle theont9 were used to obtain the calculated values as described in the text.

NMR-Monitored Hydrogen-Deuterium ExchangeSix 5.105 software (Acorn NMR, Inc., Fremont, CA). Prior to
milliliters of ~6 mM ferricytochromec was prepared in 0.7  Fourier transformation, the data were resolution-enhanced
M melezitose and the pH was adjusted to 2.0 with HCI. After with a 3C°-shifted sine-squared functiot?). The data were
12 0.5-mL samples were aliquotted, each sample waszero-filled in both dimensions to yield a 20482048 matrix
exchanged into the equivalent® solution at pD 2.0 by  of real points. The NHCa cross-peak assignments of Wand
using a preequilibrated NAP-5 G-25 gel-filtration column et al. (L3) were used to analyze the data. After an absolute
(Pharmacia). A 1.0 mL fraction containing the protein was value calculation was performed, cross-peak volumes were
collected (pD 2.3). The exchange reaction was consideredmeasured relative to that of the Thf§38cross-peak. The
to have started upon elution of the first drop of red solution. volumes of overlapping cross-peaks were dissected by using
The samples were incubated at 20 for log-spaced time  a slice-addition method. The first-order rate constant for
intervals from 10 min to 3 weeks. Exchange was stopped exchangek.ps Was determined by fitting these data to the
by passing each 1.0 mL sample over a PD-10 G-25 gel- function volume= A + B[exp(—kobd)] by using SigmaPlot
filtration column (Pharmacia), which was equilibrated and 3.06 (Jandel Corp.).
eluted with degassed 50 mM sodium phosphate buffer in  Calculation of Radii and Implementation of Scaled Particle
D;0, pD 5.8 (quench buffer). The first 2.0 mL of red eluent Theory Hard-sphere radii of 1.4, 2.5, 3.2, 4.0, 4.6, and 5.0
was collected. The next 0.5 mL was collected in a separateA for water, glycerol, monosaccharides, disaccharides, trisac-
vessel as it contained 14 mM melezitose. The cytochrome  charides, and tetrasaccharides were calculated as described
¢ in the eluents was immediately reduced with 8, in by Edward (4). The solvent-accessible surface area (SASA)
D20 (40 mM final concentration) and chilled on ice. The of fully unfolded cytochrome, 1.8 x 10* A2, was estimated
melezitose-containing fraction was diluted 4-fold with quench by using the equation of Richards5):
buffer. After each portion was concentrated with a Centri-
con-3 concentrator (Amicon), the two portions were pooled, SA= (1.45x 10716)NA cnflg
sodium ascorbate inJ® was added to a final concentration
of 4 mM, and 1,4-dioxane was added to a final concentration
of 1.2 mM. The final uncorrected pH meter reading (pD)
was 4.7, and the final protein concentration was-3®& mM.

and a molecular weight of 12.6 10* g/mol. Chalikian et
al. (16) estimate that the A-state exposes 60% of the SASA
Samples were sealed under Ar and stored°a dntil NMR of fully unfolded cytochrome. For a spherical model, this
spectra were acquired. To generate a time O sample gives an A-state radius of 30 A. Chalikian et al. also estimate
IyF())phiIized proteir? was. disso?ved in quench buffer alfd ‘that the acid-denatured state exposes between 70% and 80%
reduced, the pD was adjusted to 4.7, and the NMR data Wereof the SASA of the fully unfolded protein. For a spherical
immedia'tely collected o model, this gives a radius for the acid-denatured protein of
The NaCl experiment was the same as that described abov etween 32 and 34 A. Using the SASA of the native state

except for the quench step. The quench was performed with 1e7)’ ?eldl'itﬁi e;nf ;Z?faﬁs'ﬁcﬁ;;ze .2(:2:88 :aturg: 2?;6’
NAP-5 columns (after the A-state samples were concentrated ' Predic e ' > | >/ UPO ia
denaturation of the native state. This range is consistent with

t0 0.5 mL) preequilibrated with 50 mM sodium phosphate the idea that native proteins expose between 2 and 3 times

buffer in D,O, pD 5.3, and 20 mM sodium ascorbate. The . ;
- the SASA of the native state upon denaturati@g)(We
final pD was 5.0. Samples were sealed undgahd stored used the SPT described by Bem) with the radii given

at 4°C. o >
. . — above. Specifically, we used equations Al, A4, A5, and A9
NMR Spectroscopyone-dimensionaH and 2D gradient in Berg’s paper for the spherical model. Equation A11 was

enhanced DQFCOSY spectra were collected on a Bruker o

AMX500 spectrometer at 2%C in the phase-sensitive mode used for the kissing-sphere model.
using time-proportional phase incrementatidd)(in both RESULTS

dimensions. The residual HOD resonance was suppressed

by presaturation. The spectral width was 9090.9 Hz. Spectra CD Spectra of Saltand Sugafinduced AStates Adding
were referenced relative to internal 1,4-dioxane (3.741 ppm). any of the polyol osmolytes listed in Table 1 to acid-
Thet, dimension comprised 40 repetitions of 1024 complex denatured cytochrome gives a spectrum resembling that
points and thé; dimension comprised 512 increments for a of the A-state formed in 2.0 M NaCl, pH 2.0. Figure 1A
total acquisition time of 12 h per sample. Data were shows the far-UV spectra of the denatured state, the native
processed on a personal computer with NUTS-2D version state, the salt-induced A-state, and the melezitose-induced
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FiIGUrRe 2: Histograms of logP versus residue number for the
A-state formed in 1.5 M NaCl, pD 2.4 (lower panel), and 0.7 M
melezitose, pD 2.3 (upper panel). Error bars represent the standard
deviation of the fit. Hatched bars indicate estimates for very slow-
or very fast-exchanging amide protons; asterisks indicate the cross-
peak was missing or obscured. The horizontal dashed lines represent
the upper and lower limits of log P calculated from titration data
Ficure 1: Far-UV (A) and near-UV/Soret CD spectra (B) at 20 at 20°C.

°C of the denatured state at pH 2.0 (dotted curve), the native state

at pH 4.6 in 50 mM sodium acetate (Sohd Curve), and the A-states The flrst_order rate constants for exchanga)s were

formed in 2.0 M NaCl at pH 2.0 (thin dashed curve) and 0.7 M . : . ——

melezitose at pH 2.0 (thick dashed curve). calculated as described in I\(Iaterlals and Methods. The first
order rate constants for intrinsic exchangg, were calcu-

species. The native-state far-UV spectra possess the chariat€d with the program SPHERE2630). We then calcu-
acteristic helix minima at 208 and 222 nm and the sizes of lated a protection factoR (= kin/kbg, for each measured

the minima are consistent with the amount @fhelix amide proton. Usually, large values indicate involvement

observed in the crystal structur20j. The species induced of the amide proton in a H-bond) i i
by NaCl or melezitose (Figure 1), and by all the other First, we reproduced the NaCl experiment (Figure 2, lower

osmolytes listed in Table 1, exhibit far-UV spectra closely Panel) ©). We then repeated the experiment with 0.7 M
resembling that of the native state, indicating that they all M€lezitose in the absence of added salt (Figure 2, top panel).
have nativelike amounts of secondary structure. As shown Like the NaCl data, amide protons in the major units of native

in Figure 1B, neither salt nor melezitose produces the native S€¢Ondary structure, the 60s-, N-terminal, and C-terminal
near-UV and visible CD spectra. In fact, none of the helices, are all protected in the sugar-induced state. This

osmolytes, nor combinations of osmolytes and salt, at anyobservatlon indicates that the secondary structure observed

concentration, induces native near-UV or visible spectra. gyreccza[r)nelﬁt B:R/\\;ger??gg\lglﬂgs Z‘ﬁgﬁ\t’:r&aj tr;:a gtgzﬂit;tag;'e
Interestingly, sugars, but not salt, induce the negative Soret g Y

Cotton effect at 415 nm of the native protein. This observa- this structure is the same fpr the sugar- and salt—lnduced
. ) . states. However, the stability of these structures in the
tion suggests that the heme environment near phenylalanine

82 (21) is more nativelike in sugar than in salt. In summar A-states and the native state are differHent; theRogalues
the additives cannot refold aci%l-denatured c.tochr«rrt[e Y+ are between 1 and 3 for the A-state {heand between 4
. . " ytoch . and 8 for the native state (¥ (9, 23, 31). This comparison
its native state but rather stabilize a low-pH species having

nativelike amounts of secondary structure and some non shows that the A-states possess some nonnative tertiary
. : y structure, consistent with the conclusion derived from
native tertiary structure.

examination of the near-UV/Soret CD spectra (Figure 1B).
NMR-Detected HydrogenDeuterium Exchang@Ve used  This is not to say that all native tertiary structure is absent.
the method pioneered by Hughson et @R)(and Jeng etal.  For instance, lle 85 and Leu 68 are both well protected,
(9) in which a quench step “traps” the partially exchanged probably because they form a tertiary H-bond in the
intermediates in the more stable native state, facilitating hydrophobic core. Nevertheless, H-bonds from native loops
NMR-based exchange rate measurements. These NMR-and turns are poorly protected in the A-state, implying that
detected H/D exchange experiments comprise three stepsthe tertiary structure is flexible. In summary, the observation
initiation, exchange, and quench. The experiment is initiated of nativelike secondary structure and the presence of non-
by transferring the agueous cytochroo@H 2.0) containing native tertiary structure and certain native tertiary contacts
NaCl or melezitose to the equivalent® solution. Twelve is consistent with the molten globule hypothesis.
samples were incubated at 20 to allow labile protons to Stability of the Sugamnduced SpeciesVe examined the
exchange with solvent deuterons. After various times, the effect of sugar concentration and size on the free energy of
samples are quenched in a rapid two-step process. First, thelenaturation4Gp). The isothermal titrations of these sugars
pD was raised to-5 to induce formation of the native state. into acid-denatured cytochronegyield reversible sigmoidal
Second, the heme-bound iron was reduced frofr feeFe’" curves. Each curve was analyzed by using a two-state model
with Na&S,04, further slowing exchange28—25). To and the results are shown in Figure 3. As shown in Figure
preserve the reduced protein, we exchanged the samples intd, plots of AAGy,s (AGp for denaturation of the A-state in
degassed quench buffer and sealed them under Aror N osmolyte solution minus the extrapolatédsy in buffer

. -
[©]* 104 (deg ecm™1 dmol ™)

280 320 360 400 440
wavelength (nm)
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What is responsible for A-state formation in osmolyte
solution? Several analyses are currently used to interpret the
effect of additives on protein stability. Osmotic stress analysis
(35) quantifies the effect in terms of the number of water
molecules bound to the end states, in this case the A-state
and the acid-denatured state. For our data, this analysis gives
the unrealistic conclusion that the number of water molecules
released on folding varies with the identity of the sugar. Most

Fraction denatured
o
3

5 4 3 2 4 0 1 importantly, however, this analysis has been shown to be
In[osmolyte, M] theoretically unsound3g).
FicUrRe 3: Plots of fraction denatured versus the natural logarithm  B0len and colleaguesY) use apparent water-to-osmolyte-
of osmolyte concentration for stachyosgl)( melezitose M), solution transfer free energies for side-chain and backbone
trehalose @), and glycerol Q). models to interpret the increase in stability. They conclude

that unfavorable interactions between the fully unfolded
protein and the osmolyte solution drive folding. That is, the
decreased exposure of the backbone on folding is the major
driving force for osmolyte-induced stabilization. Our sucrose
data are consistent with this idea, but a more complete
analysis is not possible because the transfer free energy for
heme is unavailable. Also, analysis of the size effect must
await the determination of transfer free energies in other
polyol osmolyte solutions. Finally, the assumption that the
00 05 10 15 20 25 denatured state is fully unfolded merits examination in the
[Osmolyte] (M) light of the idea that denatured states do not expose all their
Ficure 4: Plots of AAGp versus osmolyte concentration for potential SASA 18).
stachyose [)), melezitose M), trehalose @), glucose #), and Winzor's analysis 8) focuses on the nonideality of

glycerol (). _ _ osmolyte solutions caused by excluded volume effects. Data
alone) versus sugar concentration are linear. The data forgye interpreted by using the following relationship:

every sugar listed in Table 1 give a correlation coefficient

(r) of =0.994 and a percent probability thatrises from O0AAG,
uncorrelated datd) of <0.5%. The slopeSAAGopddCos —sc_ ~ RTUL—Up)
for all the sugars studied are given in Table 1. To compare
the NMR data to the isothermal denaturation data, we alsowhereUA andUp are the covolumes of the A-state and the
studied the effect of melezitose inO using fully exchanged  cig-denatured state, respectively, a@gs is the molar

samples. The resultingGp is 2.3+ 0.3 keal/mol at 0.7 M ogmolyte concentration. The covolumes are given by
melezitose and 26C.

Comparison of Local and Global StabilitieBhe horizontal U=%%aN(, +r.)°
dashed lines in Figure 2 represent the upper and lower limits s bem
of log P derived from isotherma_l CD-detected experiments \ynereN is Avogadro’s number; is the radius of the state,
(AGp = —2.3RTlog P). Comparison of log> for the most 54 1 is the radius of the osmolyte. Since a range of
well-protected amide protons to the range of global stabilities egtimated radii for the acid-denatured state is available (see
suggests th_at the most well-protected amide protons in theyyaterials and Methods), we calculated upper and lower
melezitose-induced A-state are exposed only upon complet€gstimates 06 AAGH/dCos for each osmolyte (half-saccharide,
unfolding. For some amide protons, however, the maximum monosaccharidestc) As shown in Table 1, this analysis
local-unfolding free energy exceeds the global-denaturation 4ccounts for the increase with both concentration and size
free energy. Such superprotectid) has been observed  of osmolyte but overestimates the size of the effect,
for several proteins. It has been suggested that superprotecsometimes by more than a factor of 25. A large mismatch
tion arises from proline isomerizatioB3) and latent structure s also been observed for the thermal denaturation of RNase
in thg _maximally unfolded state populated under the native ;, glycerol 38). The reason for the mismatch is unclear,
conditions used for NMR34). but it is interesting to note that the mismatch decreases as

the size of the osmolyte increases.

DISCUSSION Timasheff interprets the effect of additives in terms of

We have shown that the A-state can be formed from the preferential hydration of the protein surfa@9(40). Sugars
acid-denatured state in thabsenceof added salt. The belongto a class of additives that do not interact chemically
osmolyte-induced A-state has the same native secondarywith the protein surface. In this case, preferential hydration
structure and many of the same native tertiary contacts foundis related to the increase in aiwater surface tension upon
in the salt-induced species. We also examined the effect ofaddition of the additive. Kaushik and Bhatlj also show
osmolyte size and concentration on the stability of the sugar-that the ability of polyol osmolytes to increase protein
induced A-state. At fixed osmolyte concentratiahAGp stability is related to their ability to increase surface tension.
increases with osmolyte size and is linearly related to The idea is that as the surface tension increases, more work
osmolyte concentration (Figure 4). As shown in Table 1, the is required to create a cavity of a given surface area in the
slope,0AAGp/0C,s, also increases with osmolyte size. solvent, thereby favoring states with smaller surface areas

2.0

AAGp (kcal mol'1)

0s
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over states with larger surface areas. Unfortunately; air Salt Is Different Goto et al. §) suggest that anion binding
water surface tensions cannot be useduantifythe effect causes the acid-denatured state to condense to the A-state.
of sugars on protein stability because surface tension doesA comparison of our data to those of Goto et al. shows that
not coincide with the interfacial tension between the protein the salt-induced effect is stronger than the sugar-induced
and the solvent4?). That is, there is no vapor in the cavity effect; the observed slopes (Table 1) range from 0.7 to 5.1
it is filled with protein—and air is probably not a good model kcal/(motM), but for salts the slopes are 4fimes greater.
for a protein surface. In other words, 0.£2.0 M sugar induces formation of the
We find that scaled particle theory (SPB3{ provides A-state, but salts are effective in the micromolar to millimolar

the best framework for quantifying our results. SPT treats fange @). Goto et al. show that anion charge is the main
all the solution components as hard spheres and predicts th&€terminant of salt effectiveness (more highly charged
free energy required for producing a cavity of a given surface SPECies are more effective), aghough there is a small size
area in the solvent when the only interactions are steric dépendence. Specifically; (2.1 A radius) is more effective
repulsions between the sphere#2)( In this treatment, than CI" (1.7 A) and concentrations required to fold half
increasing the osmolyte concentration and/or size results inth€ Protein molecules at 20C are 13 and 48 mM,
an increase in the steric repulsion between the species inf€SPECtively. In addition, SPT calculations suggest that steric
solution. Therefore, the free energy for forming a cavity in ePulsions do not explain the ability of salts to induce A-state
osmolyte solution will increase relative to the free energy formation. Use of anion radii given above yields a slope that
for forming the same sized cavity in pure solvent. Since the IS Much too small, while use of SPT and the observed slope
free energy of cavity formation increases with cavity size [10* kcal/(mokM)] gives an unrealistically large anion radius.
(42), species with smaller surface areas (the A-state) are ConclusionsWe have shown that the addition of sugars

favored over species with larger surface areas (the acid-t0 acid-denatured cytochromeyives a species that is nearly
denatured state). identical to the A-state formed by addition of salt. The fact

that the stabilizing effect increases with both the size and
the concentration of the sugars and the success in using SPT
to explain the data suggests that increases in steric repulsion
drive A-state formation in osmolyte solutions. The results
%lso show that sugars and salts act by different mechanisms.
nions bind more tightly to the more densely charged

species, the A-state. On the other hand, sugars increase the
steric repulsion between solution components, favoring the
smaller A-state over the larger acid-denatured state.

Minton (44) and colleagues have pioneered the use of SPT
to explain the effects of macromolecules on protein associa-
tion. We used Berg’s implementation of SPI9) because
it considers both the solvent and the solute and because th
protein can be treated as either a sphere or a dumbbell. Sinc
a range of estimated radii for the acid-denatured state is
available (see Materials and Methods), we calculated upper
and lower estimates FAAGp/0Cos for each osmolyte (half
saccharide, monosaccharide, et AAGp/0Cys Was calcu-
lated over the osmqute concentrgtion ranges used in thenoTE ADDED IN PROOF
experiments (approximately the limit of solubility). Although
the calculated functions are curved, they approximate a line Recently, Qu et al45) have reported that osmolytes drive
(r > 0.99,P, < 0.5%) over the concentration ranges used. compaction of an otherwise unfolded protein.

The results are shown in Table 1. The spherical model

generally underestimates the slopes but never by more tharfPCKNOWLEDGMENT
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