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Comparison of Heat- and Pressure-Induced Unfolding of Ribonuclease A: The
Critical Role of Phe46 Which Appears To Belong to a New Hydrophobic
Chain-Folding Initiation Site
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ABSTRACT: To clarify the structural role of Phe46 inside the hydrophobic core of bovine pancreatic
ribonuclease A (RNase A), thermal and pressure unfolding of wild-type RNase A and three mutant forms
(F46V, FA46E, and F46K) were analyzed by fourth-derivative UV absorbance spectroscopy. All the mutants,
as well as the wild type, exhibited a two-state transition during both thermal and pressure unfolding, and
both T, and Py, decreased markedly when Phe46 was replaced with valine, glutamic acid, or lysine. The
strongest effect was on the F46K mutant and the weakest on F46V. Both unfolding processes produced
identical blue shifts in the fourth-derivative spectra, indicating that the tyrosine residues are similarly
exposed in the temperature- and pressure-induced unfolded states. A comparison of Gibbs free energies
determined from the pressure and temperature unfoldings, however AgayAG; ratios ) of 1.7 for

the wild type and 0.92+ 0.03 for the mutants. Furthermore, th&/ value for each mutant was larger

than that for the wild type. CD spectra and activity measurements showed no obvious major structural
differences in the folded state, indicating that the structures of the Phe46 mutants and wild type differ in
the unfolded state. We propose a model in which Phe46 stabilizes the hydrophobic core at the boundary
between two structural domains. Mutation of Phe46 decreases protein stability by weakening the unfolding
cooperativity between these domains. This essential function of Phe46 in RNase A stability indicates that
it belongs to a chain-folding initiation site.

New understanding of the molecular origins of diseases (16—19). Partially ordered structures [also called “chain-
induced by prions or prion-like proteins has stimulated folding initiation sites” (CFIS) 8, 17, 20—26)] of RNase A
renewed interest in the mechanisms of protein folding and have been identified within the initial folding steps needed
unfolding. The principles that underlie the formation of stable for formation of the native conformation. One sequence,
conformations, however, are still not clear, and there have spanning residues 16618 27—29), forms a partial tertiary
been extensive studies of model proteins. Bovine pancreaticstructure, in which hydrophobic interactions and side chain
ribonuclease A (RNase A, EC 3.1.27.8), @) is a repre- packing interactions have a major role in the folding process
sentative well-characterized protein. It consists of a single (9, 30—32). The significance of hydrophobic residues other
polypeptide chain with four disulfide bonds. Efforts have than those within this CFIS of residues 10618 (CFIS 106-
been made to trap kinetic folding/unfolding intermediates 118), however, has yet to be fully evaluated. To better
by stopped-flow spectroscopic or NMR analysgs 9), by understand the chain folding events, we examined other
the use of mutants which are structurally analogous to RNase A structural motifs which may serve as hydrophobic
hypothetical folding intermediate4@—15), and by chemi- CFIS elements.

cally blocking free cysteine residues during refolding from  Because of its location and hydrophobic interactions,
the unfolded state, in which the sulfhydryl groups are reduced phe4s6 is a good candidate for another CFIS constituent. This

. . : ) residue is well-conserved among mammalian ribonucleases.
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by high-pressure FTIR suggests that this similarity is AAG (for Lys) GTCCACGAGAGT-3 and 3-ACTCTCGTG-

coincidental 29). To determine whether the conclusions of

GAC CAC (for Val)/AGC (for Ala)/CTC (for GIu)/CTT (for

the CFIS 106-118 study can be generalized, it was necessary Lys) TGTGTTAACTGGCT-3. Mutations introduced into
to compare the heat- and pressure-induced unfolding of thethe plasmid were confirmed by DNA sequencing in an ABI

Phe46 mutants.

Prism Applied Biosystems 310 Genetic Analyzer (Perkin-

Pressure is a thermodynamic perturbant often used inElmer) by means of dideoxy terminator sequencing. Each

folding and unfolding studies3@—35). The reason for the

mutated plasmid then was introduced into the BL21(DE3)

interest in high pressure (as compared to heat or chemica|stra}in. Transformed cell selection was based on ampicillin
denaturants) is that it is a mild, often reversible perturbant resistance.

which weakens the cooperativity in protein unfoldir86)
by specifically affecting electrostatic and hydrophobic in-

Production and Purification of the Wild Type and RNase
A Mutants Proteins were expressed by the method of Dodge

teractions. In principle, this should facilitate the trapping of and Scheragal@) with the following minor modifications.
thermodynamically stable intermediates which might other- The transformed strain was incubated at@7in 1 L of LB

wise escape detection. Panick and Win&#) feported that
the folding funnel 88) for thermally induced unfolding has

medium (1% tryptone, 0.5% yeast extract, and 1% NaCl,
with the pH adjusted to 7.0) containing g@/mL ampicillin

a relatively smooth topology and that for pressure-induced until the cells had grown to an absorbance of 0.8 at 570 nm.
unfolding a rough one. Consistent with this is the finding of Protein expression was induced by the addition of IPTG (final
a multistep, pressureunfolding curve for carboxypeptidase concentration of 1M), and the cells were incubated for
Y and that, during unfolding, a molten globule-like folding an additional 3 h, after which they were harvested by
intermediate is present, whereas thermal unfolding is char-centrifugation and suspended in 20 mL of 100 mM NaCl

acterized by a two-state transitid3®}. Pressure also provides
useful information about volume changeA\M) during
unfolding.

for sonication. The disrupted cells were centrifuged, resus-
pended in 12 mL of solubilization solution [20 mM Tris-
HCI (pH 8.0) containig 7 M guanidine hydrochloride and

We used fourth-derivative UV spectroscopy to monitor 10 mM EDTA], and stirred for 23 h. DTT (final concen-
the thermal- and pressure-induced unfoldings of the wild type tration of 0.1 M) was added and the solution stirred for 30
and three Phe46 mutant enzymes, a technique which reflectgnin to make the proteins, including RNase A, soluble. After
the increase in the polarity of the microenvironment of the the addition of 108 mL of 20 mM acetic acid, insoluble
six RNase A tyrosine residues due to increased exposure tddarticles were removed by centrifugation, then the superna-
water on protein unfolding. Furthermore, CD and DSC were tant was dialyzed against 20 mM acetic acid. The resulting
used to obtain additional information about secondary and solution was mixed with 500 mL of refolding buffer [100
tertiary structural changes. Two questions are addressed. (1)nM Tris-HOAc (pH 7.8) containing 0.1 M NaCl, 3.0 mM
What is the role of the hydrophobic interactions of Phe46? GSH, and 0.6 mM GSSG] and stirred for 48 h at@ To
(2) Do heat and pressure produce different unfolding terminate the refolding reaction, the pH was lowered by
intermediates? Our findings led us to establish a structuraladding 5 mL of acetic acid. The solution containing

unfolding model of RNase A. They also suggest that RNase regenerated RNase A was concentrated with a Pellicon-2
A has two distinct domains. ultrafiltration system (Millipore) equipped with a 3000,

cutoff membrane for purification.

Recombinant RNase A was purified in an FPLC apparatus
(Pharmacia) equipped with a Mono S HR 5/5 column (7 mm
x 54 mm, Pharmacia) equilibrated with 25 mM potassium

. ) . . phosphate buffer (pH 6.5). RNase A fractions were eluted
chia colistrain BL21(DE3) F~ ompT hsdgire-mg-) gal dem iy 5 jinear gradient of 10 mM NaCl in the same buffer at

(DE3)] was purchased from Novagen (Milwaukee, WI). g o rate of 1.0 mL/min. The purified enzyme was diluted

Oligonucleotides were synthesized by Japan Bioservice 1000-fold with water and then concentrated in a Centricon
(Saitama, Japan). The Quickchange Site-Directed Mutagen—apparatus (Millipore).

esis Kit was from Stratagene Cloning Systems (La Jolla, CA), Thermal and Pressure Unfolding Monitored by UV

and the ABI Prism Big Dye Terminator Cycle Sequencing ¢ ;
. . : . pectroscopyAbsorption spectra between 270 and 310 nm
Ready Reaction DNA Sequencing Kit was from Perkin- o6 monitored at various temperatures or pressures with a

Eimer. The IPTG and DTT used in te coli expression modified Cary3 (Varian) absorption spectrometer as de-
system were from Nacalai Tesque (Kyoto, Japan). COom- goijhaq elsewhere2g). The proteins (1 mg/mL) were

mercial RNase A from Sigma (type I-A, St. Louis, MO) that  jicsoived in 50 mM MES buffer (pH 5.5). As itskpis
had been further purified in an FPLC apparatus equipped relatively pressure and temperature independéty, this
with a Mono S HR 5/5 column (Pharmacia, Piscat_away, NJ) buffer was used in both the heat- and pressure-induced
was the contrpl. €p'was purc.hased from Nacalai Tesque. unfolding experiments. Furthermore, thermal unfolding of
Mutagenesis Mutant plasmids used to express Phe46 ine wild type and Phe46 mutants did not depend on pH in
mutant RNase A (F46V, F46A, F46E, and F46K) were the range of 5.66.0 (data not shown). After each change
constructed with a Quickchange Site-Directed Mutagenesisi temperature or pressure, before spectral recording, the
Kit. The primer sequences designated to replace the Phe46,qtein solution was incubated for 3 min to reach equilibra-
codon with other amino acid codons wereA&CCAGT- tion. The fourth derivation of the experimental spectra was
TAACACA GTG (for Val)/GCT (for Ala)/GAG (for Glu)/ obtained by the previously reported spectral shift method
(42, 43). All spectra were corrected for temperature- and
pressure-dependent changes in water volué2 (

MATERIALS AND METHODS

Materials A DNA plasmid, obtained as described else-
where @0), was used to express mutant RNaseEAcheri-

1 Abbreviation: CG-p, cytidine 2,3-cyclic monophosphate.
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Table 1: Thermodynamic Parameters of RNase A and Its Phe46 Table 2: Thermodynamic Parameters Calculated from Pressure
Mutant Enzymes Calculated from Thermal Transition Curves at 0.1 Transition Curves at Various Temperatures
MPa

tem
N AP AHy® AS (°C)p An (nm) Ap (nm) AV2(mL/mol) Pm, (MPa) AGy® (kJ/mol)
enzyme (nm) (nm) (kd/mol)  (kJmoltK™1) T, (°C) Wild Type
wild type 286.2 284.4 431.457.7 1.30+0.18 58.0:05 40.0 286.0 ndl  —56.8+10.1 61736 35.1+3.0
F46V 286.1 284.1 3534 23.6 1.10+008 46.5+0.2 gg-g *ﬁ-gi gg iggig %g-gi (1)-3
FA6E 285.2 284.0 2 71.1 . 2 26.4+ 1. : oL : : :
F4(63K 28855.1 2883.((5) 283?2 32,5 8.2& 8.18 22.& o.g 5.0 —28.2+42 312+16 88+08
' aWavelength at th_e highest peak between thg two isosbestic points 321 2859 284.0 _45!;42%.4 262+ 2 1204+08
in the fourth-derivative spectra of enzymes in the native state. 3g'g —414+59 220+ 0 91+13
b Wavelength at the highest peak between the two isosbestic points in 37 —438+36 196+1 8.6+ 0.8
the fourth-derivative spectra of enzymes in the unfolded st&ethalpy 40.0 —41.1+35 182+ 2 75+0.7
change in_ thermally indyced unfolding at,. ¢ Entropy change in FABE
thermally induced unfolding &t 40 2851 2833 —72.9+95 167+2 122417
9.0 —80.3+7.1 158+0 127+ 1.1

Differential Scanning CalorimetrfDSC experiments were %8:8 _ggjgi §§ 1§§i i %Ei é:i
carried out in a VP-DSC microcalorimeter (MicroCal Inc.) FA6K
at a scan rate of 0.8C/min. This was sufficient for the 35 2848 2836 —-851+9.9 100+0 8.5+ 1.0
equilibration of thermal unfolding of the proteins that were 5.7 —63.6+6.1  116+2 7.3+0.9
analyzed. The proteins (1.0 mg/mL) were dissolved in 10 g'g :%:gi i%:z %égi% %i i:g

mM sodium acetate buffer (pH 5.5) containing 100 mM KCI 100 —-70.74+23  96+0 6.840.2

and dialyzed against the same buffer overnight. After dialysis, ™ =v/g1ume change upon pressure-induced unfoldinghange in

the internal protein solution and external buffer were used Gibbs free energy upon pressure-induced unfolding at the measured
as the sample and reference solutions, respectively. Heatingemperature and 0.1 MP&Not determined.

curves were corrected by subtracting the baseline obtained
with the reference solution. Reversibility was checked by 02
continuous scanning of both the heating and cooling pro-
cesses. The ORIGIN program (version 4.0, MicroCal Inc.)
was used to analyze the scanned data.

CD SpectroscopyCD spectra were recorded at 68
from 195 to 250 nm in a Jasco J720 spectropolarimeter with
a 0.5 mm long optical path. The protein concentration was
20 uM in 50 mM MES buffer (pH 5.5). Baseline-corrected
CD spectra were deconvoluted with the CDFIT progrd#).(

Steady State Kinetic8y monitoring the increase iAygs
(AeagsWas taken to be 516.4 M cm™1) (46), we assayed the
hydrolytic activities of wild-type RNase A and its variant
forms at 0.1 MPa and 20.9C against 0.26.0 mM C>p
(45) in 0.2 M sodium acetate buffer (pH 5.5), conditions
under which no thermal unfolding of the wild-type enzyme
or its variants occurs.

stamnd

275 280 285 290 295 300
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stamnt

RESULTS

Expression and Purification of Phe46 Mutant RNase A.
An approximately 4.5 g (wet weighte. coli pellet was
obtained fron 1 L of culture medium. SDSPAGE con-
firmed the expression of three mutant enzymes. The attempt
to purify a fourth mutant, F46A, was not successful because

it was not adsorbed on the mono-S column during the last E‘EURE%& (T"’R Heat- and (E) ?rﬁss?re-itrﬁd;ce.d ;‘.”fo'gi\r/‘g of 'i46\./
e L . ase A. The major peak of the fourth-derivative spectra is
purification step, evidence that F46A could not fold to the blue-shifted as temperature or pressure increases. Arrows indicate

correct conformation. We therefore assayed only the first the major (1) and minor (2 and 3) isosbestic points.

three mutants. After the final purification step, their samples

produced single bands on SBBAGE, the final yields being A were slightly blue-shifted (Tables 1 and 2), indicative of
20 mg of protein for F46V and 10 mg each for FA6E and minor conformational differences in the wild-type, F46E, and
F46K. F46K enzymes.

Fourth-Derivative UV Spectra in Thermal and Pressure As the temperature or pressure was increased, the fourth-
Unfolding. The fourth-derivative spectra exhibited sharp derivative bands of the wild-type and mutant enzymes shifted
peaks between 280 and 290 nm, due to absorbance of theo blue, evidence of increased polarity in the environment
six tyrosine residuest@, 43). Maximum peak wavelengths  of the tyrosine residues. This spectral shift produced three,
of the native statejy, of the wild-type and F46V RNase A clear, major isosbestic pointsaR82,~285, and~288 nm
were very similar, whereas those of F46E and F46K RNase (Figure 1) as was previously reporte@6]. Thermally

275 280 285 290 295 300

Wavelength (nm)
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induced unfolding gave two additional minor isosbestic 40
points beside each of the three major ones, for all enzymes, v
whereas pressure-induced unfolding yielded none. The minor 7
isosbestic points present in thermally induced unfolding were 30 - y
due to the intrinsic temperature-dependent change in the . ~
tyrosine spectrum, as also found in the control experiments
(28). Pressure-induced unfolding did not produce minor 20t S =
isosbestic points because the intrinsic spectrum of tyrosine

is almost pressure insensitive2g). Collectively, these Y

findings indicate that both heat- and pressure-induced ;| o M
unfolding are two-state transitions. Moreover, the maximum -

peak wavelength in the denatured stdtg, was identical /i)"'/

(within the precision of our measurements) for the wild-type 0 e , ‘
and mutant enzymes in the range of 283284.4 nm in both 0 10 20 30

the thermal and pressure unfolding experiments (Tables 1 AG, (kJ/mol)

and 2). This suggests that in the unfolded state tyrosine pgure2: Correlation between free energy changes in heat-induced

residues of both the wild-type and variant proteins are (AG;) and pressure-induced\G,) unfolding of wild-type RNase
similarly exposed to water. A and three Phe46 mutantddG, was measured at various

i 4 4 i i temperatures: 40.0, 48.0, 50.0, and 580for the wild type @),
. U”fowt'”g by He?tP'OttS tOf the? A/%/Il Iamp“t“d‘i aga'hnSt 32.1, 36.6, 37.0, and 40%C for F46V (), 4.0, 9.0, 10.0, and
emperature gave two-state, sigmoidal curves at each Wave»q gec for FA6E @), and 3.5, 5.7, 6.0, 8.7, and 10:0 for F46K

length for each protein. The amplitude @/dA* at Ay, at (A). For each enzyme\G, was calculated at each temperature from
which the largest change was observed, was used to fit thethe curve-fitted, thermal unfolding curve. Straight lines show the
plots, utilizing eq 1 and fixing the change in heat capacity linear relationship betweeAG, and AG,; the sloper equals 1.7

AG, (kJ/mol)

(AC,) at 5.3 kd/mol 47, 48): for the wild type and 0.92 for the mutants.
CmT— . cannot access this parameter by our technique, we preferred
Ap—m (Ag —am + to neglect the possible pressure dependenge\bfurther-

1 4+ g {AHR = TTm) = AGy[Tm = T+ TIn(T/Tm)]}/RT) more, in all cases fitting produced a very good correlation
A;—qT (1) coefficient (in excess of 0.999). Becaubg values for the
wild type and its three variants were very different (Table
whereA, A, Ag, and AH,, are the observed amplitude of 1), _the pressure unfolding of each enzyme was monitored at
9*Ala24, the fitted amplitude oB*A/9A% in the native state, ~ Various temperatures below théi, values (Table 2).
the fitted amplitude oB*A/aA% in the denatured state, and Comparison of Gibbs Free Energies in Temperature- and
the enthalpy change in unfolding &, respectively, and Pressure-Induced Unfoldlng§Gt was determmed from eq
andq are the correction factors reflecting the sloping baseline 3 at the temperatures at which pressure-induced unfolding
due to intrinsic changes in the tyrosine spectrum as a function€XPeriments were conducted:
of temperature. As a result, a very good correlation coef- _
ficient value, in excess of 0.999, was obtained in all cases. 2Ct = AHm1 = TMy) = AC,[Ty, = T+ TIn(T/Ty,)]
The resulting energy parameters are shown in Table 1. ®3)
T decreased from 46.5 to 23°C in the foIIowingl order: AG, values plotted as a function @G, at various temper-
F46\./.> FABE> FA6K. Clearly, these Qecreases in thermal atu?es gave a linear correlation for all the enzymes (Figure
stgblllty were caused by the decrease in the enthalpy changez)_ r (FAG/AGy) was 1.7 for the wild-type RNase A and
It is particularly noteworthy that replacement of phenylala- 'q5 1. 03 for the mutants. As noted, the absolute value of
Inme WcljtTha ch?rg:eg_l_?roup (FA6E and F46K) markedly | night he affected ifAf is taken into account, but the
" Unfolding at High Pressurel the enzymes extibited  comPress oy O (e mutants s assumed notto vy much
rversbe pessure foking. Dut s arger Kt 1yS(reSias oy rfatve sigifcance, e reducton a facto
) . . - 77 of nearly 2 indicates that the unfolding mechanism for the
perature was decreased. This agrees with previous flndmgsmutants differs from that for the wild-type RNase A.
(37, 49). Each plot of3*A/a1* at Ay against pressure produced AV, Py, AG,, and the expansibilityha [i.e., Aa = (JAV/
a sigmoidal curve. Because the intrinsic tyrosine spectrum 5 _ —kaAS';bP)T], at 40.0°C (wild type and F46V) and
Itz lzagyv\ﬁ:ﬁzil:riﬁt':)%i%?:;fhn;tgfqplfgtcstgﬁtamed were fitted) g o (FA6E and F46K) were determined from the
representation oAG, as a function of temperature and
_ pressure. Three-dimensional curve fitting of this plot with
- A Ay + A ) the equation reported by Hawle$2) gave the parameters
1 + g [(AGy+ PAV)RT] in Table 3. The results show that for all the mutants, as well
as the wild-type RNase A enzym@,, decreases as the
whereAG, andAV are the Gibbs free energy change at the temperature increases. Wild-type RNase A was the most
experimental temperature and 0.1 MPa and the volume stable against pressure, stability against high pressure and
change, respectivelys(). It should be noted that the true heat decreasing in the following order: wild typeF46V
AGy, values may be smaller because we did not take into > F46E > F46K. The change in volume\V, was much
account the compressibility factok (51). Because we  more important for the wild type. As shown in Table/8y
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Table 3: Thermodynamic Parameters of Wild-Type and Phe46 Mutant RNase A Calculated from Pressure Transition Curves &G0 or 10

standard
temperature
enzyme (°C) AV (mL/mol) Pm (MPa) AGR (kJ/mol) AV, (mL/mol) Ao (ML mol™t K1)
wild type 40.0 —58.6+ 2.3 593+ 7 348+ 1.0 —86.5+5.9 1.86+ 0.24
F46V 40.0 —40.9+ 0.7 174+ 4 7.1+£0.3 —49.84+ 3.1 0.59+ 0.16
F46E 10.0 —745+14 154+ 1 11.5+0.3 —62.0+ 2.1 0.83+0.23
F46K 10.0 —69.3+ 4.4 102+ 9 7.1+1.0 —54.24+12.4 1.01+1.12

2 Gibbs free energy change upon pressure-induced unfolding at the standard temperature and 'O\MoMP®. change upon pressure-induced
unfolding at 25°C, calculated from the three-dimensional fitted cunfedsxpansibility upon pressure-induced unfolding, calculated from the three-
dimensional fitted curves.

Table 4: Thermodynamic Parameters of Wild-Type and Phe46 RNase A were very similar, evidence of no difference in

Mutant RNase A, Calculated from DSC Curves secondary structure. In contrast, the CD spectra of F46E and
enzyme Tm (°C) AHea? (KJ/mol) cU CUnf F46K indicatg slight changes in se_condary structure with
: respect to wild-type RNase A. Their spectral minima are
‘,’:"A'llg\t/ype gg:g ggg:g 1:88 i:gé blue-shifted, and in F46K, the amplitude of the spectrum is
F46E 32.0 2251 1.10 1.22 decreased (Figure 4). Structural components analyzed by
F46K 24.3 242.7 1.10 1.17 deconvolution of the measured spectra gavdRaralue of

2 Enthalpy change upon thermally induced unfolding, calculated from 14%. This shows that F46E and F46K RNase A have
the observed DSC curvesCU = AHca/ AHesr, WhereAHer is the van't decrease@-sheet and increased random coil contents, more
Hoff.enthalpy.c CU.vaIues calculated wittAHc, from DSC curves pronounced for F46K than for F46E (Table 5).
obtained by reheating. The secondary structure estimation program of the PSA
server 64—56) showed that the decreaseghsheet content
and increases in random coil content of F46E and F46K

determined only at low temperatures, at which the wild type ©CcUr only around the mutated position (Figure 5). This
was too stable for determination of ite/. The comparison ~ Suggests that residues 480 change from #-sheet to a
therefore was made at Z& by extrapolation of the fitted ~andom coil as a result of the replacement of Phe46 with
function according to Hawley5@). The smaller absolute ~ 9lutamic acid or lysine. ,

values of AV for the mutants versus the wild type are  Steady State Kinetic Parametess shown in Table 6,
evidence of different unfolding mechanismsx values were (1€ Km andkeac values of the wild type and mutants are not
positive for all the enzymes, consistent with a previous report, Markedly affected by the replacement of Phe46. For F46V,
in which the thermal expansibility of the unfolded state was Km and l_<cat are only slightly affe_cte_d (by apprOX|mately 16
thought to be larger than that of the folded staf®)( kJ/mol) in t_)oth their substrate_ binding and catalytic reactions,
Moreover, Ao, values for the mutants were significantly a5 determined by the equatioR®RT In[(kea: Of FA6V)/(kear

smaller than the value for the wild type. Although the reason ©f Wild type)] and—RTIn[(Kp of wild type)/(Kn of F46V)].
for the difference in this parameter is not clear, its decrease | "€ Km of FABE is very similar to that of F46V, whereas its

supports the probable existence of a partially ordered Keat iS smaller by approximately 2.0 kd/mol. Of the three
structure in the unfolded state. mutants, thek.y: and Ky, values of F46K were the most

DSC Study of Wild-Type RNase A and Its Mutant Enzymes affected, being inc_reased by 4.1 and 4.7 kJ/mol, respectjvel_y,
The thermal unfolding processes of the wild-type, F46V, compared to the wild-type values. Such changes in the kinetic
F46E, and F46K enzymes obtained by DSC were completely parameters of F46E and F46K'are, however, too small tq be
reversible. The calorimetric enthalpy & (AHcx) and T, a_ttrlbuted to marked conformational destruction of the active
values, determined from plots of molar heat capad@y) ( site structur_e. For example, a very marked decreasg,in
as a function of temperature, are shown in Table 4. They corrésponding to 6.1 kJ/mol, has been reported for the
are very similar to the values deduced from the fourth- Phe120 mutant RNase A7), but its crystal structure shows
derivative UV spectroscopic analysis (Tables 1 and 4). This ONly @ small ¢-1 A) positional change at His119.
suggests that the global protein conformation unfolds coop-
eratively, but whereas the wild-type and F46V proteins have DISCUSSION
a AHc, to van't Hoff enthalpy ratio (CU) of nearly 1.00, Importance of Hydrophobic Interactions of Phe46 in
indicative of two-state unfolding, the value for F46E and Maintaining the Conformational Stability of RNase Val,
F46K is 1.1 (Table 4). Deconvolution of the DSC curves of Glu, or Lys substitution for Phe46 markedly decreased the
F46E and F46K shows two separate adjacent peaks (Figureconformational stability of RNase A with respect to heat and
3) which suggest three-state unfolding with a transient pressure. Moreover, CD analysis showed that when Phe46
intermediate. Moreover, the second CU value §fg)Jof was replaced with ionic residues, even the folded state
F46V is slightly larger than 1.00 (1.05), evidence that the conformation was perturbed. These effects are attributed to
unfolding of F46V also proceeds via an intermediate. These the loss of hydrophobic interaction with other residues. In
findings indicate a loss of cooperativity in thermal unfolding the case of F46V, the folded state structure appears to be
of the Phe46 mutants. This noncooperativity could not be relatively unchanged. Due to amino acid replacement,
detected by fourth-derivative UV spectral analysis. changes in cavity volume and area and in Gibbs free energy

Change in the Secondary Structures of Phe46 Mutants. are linearly correlated by approximately 10040 J mot?

CD spectra from 195 to 250 nm of wild-type and F46V A~3and 85 J moi! A2, respectively %8). Loss of Gibbs

values for the wild type and F46V could be compared directly
at 40 °C. For the two other mutantg\V values could be
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Ficure 3: Deconvolution of F46E (left) and F46K (right) DSC profiles. The proteins were dissolved in 10 mM sodium acetate buffer (pH
5.5) containing 100 mM KCI: ) fitted curves and{ — —) deconvoluted curves.

15000 0.04
e  Wild type 0.02
10000 o F46V
A F46E 2 000
5000 1agg A F46K E o0
3 * : .,
0 fad B o
5 2 o0e £ -0m
() A O. -
§ so00f T, g 006
=] T
';g/ ﬁﬁéﬁAAAAAAAA ‘”?‘:’- -0.08
= -10000 2,5 ‘s 010
= A g
-15000 | é 0.12
20000 | 5 0 W F46E
016 ¢ 1 F46K
25000 ) ‘ ‘ ' .
200 210 220 230 240 2 -0.18 ) ' ’ ' ‘ : :
50 0 20 40 60 80 100 120 140

Wavelength (nm) Residue number

FiURE 4: Far-UV CD spectra of wild-type RNase A and Phed6  p5,qe 5: | ocation of lostg-sheet structures in FA6E and FA6K
mutants. Component analysis of the secondary structure with the , iant RNase A estimated by the PSA server. Phstrand

CDFIT program is shown in Table 5. probabilities of F46E and F46K are subtracted from the probability
of wild-type RNase A, and plotted against each of the 124 amino
Table 5: Structural Elements of Wild-Type and Phe46 Mutant acid residues of RNase A.
RNase A, Estimated with the CDFIT Program
enzyme Y%o-helix % B-sheet % random coil Table 6: Kinetic Parameters for=® in Wild-Type and Phe46
wild type 33 27 40 Mutant RNase A
F46V 26 30 44 enzyme Keat (571) Km (MM) KealKm (MM~ 571)
FAGE 36 14 50 ;
wild type 2.68+ 0.04 0.37+ 0.02 7.244+ 0.27
Fa6K 29 16 55 FA6V 1.37£0.10  0.69+0.19 1.99+ 0.32
F46E 0.62+ 0.03 0.61+ 0.19 1.02+0.21
F46K 0.50+ 0.03 2.584+ 0.30 0.19+ 0.04

free energy for F46V in the thermal unfolding experiments
was 700 J mol* A—3 and 400 J mol* A-2. These large * Al measurements taken at 2C.

energy values suggest thatlectron interactions, in addition

to hydrophobic ones, contribute to conformational stability, protein acylphosphatase, in which three hydrophobic residues
as does the Phe31 of protein P2 which is reported to be awith long-range interactions are required for formation of
key residue for stabilization of the hydrophobic core of P2 the folding transition state5(). We propose that in RNase
(50, 59, 60). The importance of hydrophobic interactions at A, Phe46 serves as an analogue of one of the key residues.
position 46 also is supported by the fact that FA6A RNase Thermodynamics of Heat- and Pressure-Induced Unfold-
A, in which hydrophobic interaction at that position is greatly ing. Substitution of valine, glutamic acid, or lysine for Phe46
weakened, no longer can fold to the native state. It is not only dramatically lowered th&, andP, values but also
surprising to find such strong stability dependence on lowered theAG,/AG; ratio by a factor of nearly 2. This can
hydrophobic interactions at a single amino acid residue. In be explained only by a modified unfolding mechanism.
this respect, RNase A is comparable to the 98-amino acid Interestingly, Torrent et al. found that replacement of CFIS
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residues (lle106, lle107, Vall08, Alal109, Valll6, and
Vall18) with a smaller hydrophobic residue markedly
lowered T, and Py, values but did not affect thAG/AG;
relationship 28). Phe46 therefore appears to be essential for
the stability of RNase A.

Structural Characterization of the Folded and Unfolded
StatesDecreases in the stabilities of the Phe46 mutants may
be due to structural changes in the folded or unfolded state.
CD analysis found limited conformational modification for
the folded state of FA6E and F46K but not for the FA6V
mutant. Furthermore, the three mutants remained catalytically
active, but to a lesser degree than the wild-type RNase A.
These findings suggest relatively small structural changes
occur in the mutants in the folded state, which would only
partly account for their decreased stabilities. Indeed, de-
creased stability also may be caused by structural changes

in the mutants in the unfolded state. For a better understand- Phe46 Part B

ing, consider the unfqlded states: From L,JV analysi;, W€ Ficure 6: Structure of the hydrophobic core of RNase A. This
know thatAG, andAG; in the unfolding reaction of the wild  figure was drawn with MOLSCRIPTE@). The backbone is shown
type are very differentr(= 1.7), an indication that under as a gray ribbon. Colored CPK balls (pink, red, yellow, and gold)

heat- and pressure-induced unfolding the structures of therepresent the side chains of hydrophobic residues which make up

; ; ; the single hydrophobic core. The smaller part of the core, composed
unfolded states are not the same. The situation differs for of Met29. Met30 (pink), and Phe46 (red), constitutes part A. The

the three mutants; not only is thermal stability reduced, \omaining portion, shown in yellow and gold (CFIS residues lle106,
stability versus pressure is even more reduced, resulting injle107, Val108, Ala109, Val116, and Val118 are gold), constitutes
anr value of~1. This suggests that in the mutants heat and part B.

pressure produce a similarly structured unfolded state. What . . . .

are the structural features of this state? DSC analysis showed Predicted Role of Phe46 in Fold!nahe46 cpntr!b utes to .

a two-step unfolding process indicative of the presence of athe constructlp_n_of the hydrophoblq core which is gssentlal
partially unfolded state prior to full unfolding. The unfolded both for_stabilizing t?e cor_nformatlorr]l andbpr(;ducmé; thed
state detected by the fourth-derivative UV spectra probably correct RNase A conformation, as shown by the .F4. E an
reflects this intermediate state, which would explain the F46K mutants. Th's is explained by th‘? hydr'ophoblc Interac-
lowered stability of the mutants, the markedly decreasgg 10N Of Phed6 with nearby hydrophobic residues of part A,

values, and the decreased absoltévalues. Conceivably an interaction essential for formation of the fifstsheet.
the unfolding intermediate corresponds to the hydrophobic 'Nde€d, mutational manipulation of the hydrophobic core of

core, or part of it. In RNase A, however, the six Tyr residues a protein can change tieehelix in the secondary. structure
are in the surface region of the protein. It is therefore to af-sheet 62). In our model, during the unfolding of the

understandable that the fourth-derivative UV spectra tech- Mutants, part A uncoils before part B, indicating that its

nique cannot discriminate between the unfolding intermediate STUcture (which bears Phe46 in the wild type) is indispen-
and the fully unfolded structure. sable during the early steps of chain folding. Phe46 appears

Structural Model. Our findings led us to propose a to act as a CFIS essential for promoting correct folding.

_stru_ct_ural r_nodel. The single hydrophobic core of RNase_ A ACKNOWLEDGMENT
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