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ABSTRACT: The unfolding of cellular prion protein and its refolding to the scrapie isoform are related to
prion diseases. Studies in the literature have shown that structures of proteins, either acidic or basic, are
stabilized against denaturation by certain neutral salts, for example, sulfate and fluoride. Contrary to these
observations, the full-length recombinant prion protein (amino acid residue2343 is denatured by

these protein structure stabilizing salts. Under identical concentrations of salts, the structure of the sheep
prion protein, which contains a greater number of glycine groups in the N-terminal unstructured segment
than the mouse protein, becomes more destabilized. In contrast to the full-length protein, the C-terminal
121231 prion protein fragment, consisting of all the structural elements of the protein, viz.gtheees

and two shorf3-strands, is stabilized against denaturation by these salts. We suggest that an increase in
the concentration of the anions on the surface of the prion protein molecule due to their preferential
interaction with the glycine residues in the N-terminal segment destabilizes the structure of the prion
protein by perturbing the prion helix 1 which is the most soluble of all the praieilices reported so

far in the literature. The present results could be relevant to explain the observed structural conversion of
the prion protein by anionic nucleic acids and sulfated glycosaminoglycans.

Prion diseases which cause lethal neurological disordersdimensional structures of the recombinant full-length murine,
in human and animals are both genetic and infectidus ( hamster, and human prion proteins and their fragments have
3). Hereditary human prion diseases such as familial Creutz-been obtained from NMR and crystallographic studiks (
feldt Jakob disease and Gertsmai8iraussler Scheinker 6—16). The highly positively charged N-terminal segment
have been linked to specific mutations in the prion protein comprising residues 23125 of the protein is flexibly dis-
gene. Further, the interspecies transmission of the diseasegrdered. The N-terminal segment contains four octapeptide
viz., the transmission of bovine spongiform encephalopathy repeats, PHGG(G/S)WGQ (between residues 60 and 93), and
to zoo animals, cats, and humans causing new variants ofa homologous sequence lacking a histidine residue PQGGG-
prion disease, is of serious medical, economic, and social TWGQ (between residues 52 and 6Q), 7, 18). The
implications. It has been suggested that the disease is causegdlobular C-terminal fragment 121231 contains three-he-
by a posttranslational modification of soluble cellular prion lices and twog-strands 6—13). The hydrophilicity and
protein PrP,! which is rich in a-helix, to its S-sheet-rich charge distribution make the first prion proteirhelix unique
insoluble scrapie isoform P¥P Both PrP® and PrP¢ are among all naturally occurring proteia-helices (9). Mo-
glycoproteins consisting of 208 amino acids (residues 23 lecular dynamics simulation indicates that electrostatic
231) which remain attached to the cell surface by a interaction in general and salt bridges in particular play an
glycosylphosphatidylinositol anchor and contain one disulfide important role in prion protein stabilitys( 11, 13, 20). The
bridge linking residues 179 and 214, @). PrP° has been  prion protein has been shown to be involved in copper
suggested to convert Pib its like and spontaneously forms metabolism and signal transductic?il( 22).
oligomers and polymers with amyloid-like characteristics  Interaction of the recombinant prion proteins with various
which are believed to cause the disease and its transmissiomiologically relevant molecules has been report28l 24).
(1-5). Mouse recombinant full-length prion protein, MoPrP{23

Understanding of the structural, biochemical, and biophy- 231), polymerizes to amyloid-like fibers in the presence of
sical properties of cellular prion protein in solution has mostly nucleic acids of different composition23). DNA can also
been obtained from the studies of the full-length recombinant modulate the aggregating properties of prion prot&§).(

prion protein and its different fragment8<13). The three- Interaction between prion protein and nucleic acid also leads
to the formation of ordered nucleic acid aggregates and

condensed nucleic acid globules which spontaneously dis-
sociate to individual nucleic acid molecule26). These
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The denaturation of the recombinant full-length prion
protein and its N- and C-terminal fragments,~#B1 and 0
121-231, respectively, has been studied at different pHs and
in the presence of denaturants to characterize the solution
and structural properties of the prion protek9{36).

Electrolytes have been used to understand the contribution
of different types of noncovalent forces toward the stability
and structural properties of proteins in soluti@,(38). We 3
report here the studies on the secondary structures and
thermal stabilities against denaturation of full-length mouse !
and sheep prion proteins, the C-terminal MoPrP(1231) 200 220 240 260
fragment, and a basic protein lysozyme to demonstrate an 12
unique structural destabilization property of the prion protein b
in salt solutions. 8t
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3, 0.25M Na,SO,4
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MoPrP 121-231
1, buffer (middle)

EXPERIMENTAL PROCEDURES 4 2,05MNa:SO,

The full-length mouse and sheep recombinant prion o
proteins and the C-terminal MoPrP (£2231) fragment were
isolated by the procedures already descrilte81, 34). The
ovine protein, ShPrP, used was the normal ARR variant
(Ala'3®Arg*>“Arg 171). Sheep homozygous for the ARR allele
are resistant to scrapig4). Circular dichroism measurements 12 7 .
were carried out in 100 mM Tris-HCI, pH 7.5, in a JASCO 200 220 240 260
710 spectropolarimeter equipped with a JASCO Pelletier c
temperature control system after 15 min equilibration in 0
respective salt solutions. The concentrations used for the full-
length proteins, the prion protein fragment, and lysozyme
were 5, 8, and 14uM, respectively. The spectra were
recorded between 300 and 200 nm and presented here
between 260 and 200 nm. The stability of the prion proteins
and the protein fragment in different electrolytes has been -10 ¢
determined by thermal denaturation studies. The protein , ,
solution was heated at the rate of°C/min, and the CD 200 220 240 260
values were measured at 222 nm in a cell of 1 mm path
length. Thermal denaturation data obtained from experiments

i ; ; Ficure 1: Circular dichroism spectra of the full-length mouse prion
were analyzed with a JASCO protein denaturation program protein, MoPrP(23-231) (a), the C-terminal prion protein fragment,

based on two-state _strL_Jctu_raI transitions. MoPrP(12%231) (b), and lysozyme (c), in buffer and different

Spectrofluorometric titrations of the tryptophan groups of salt solutions. Buffer is 0.1 M Tris-HCI, pH 7.5. (a) 1, buffer; 2
proteins andN-acetyltryptophan ethyl ester were carried out and 3, 0.025 and 0.25 M N8O, respectively; (b) 1, buffer; 2 and
in a JASCO spectrofluorometer FP-770 atr@0by exciting ~ 3» 0-5 M NaSO, and NaClQ, respectively. For clarity, the CD

. e pectrum in 0.5 M NaCl has not been shown, but it is practically
the samples at 280 nm and measuring the emission at 35@uperimposable on the protein spectrum in buffer. (c) 1, buffer; 2

nm. and 3, spectra in 0.5 M N8O, and NaCIQ, respectively. The
RESULTS effect of 0.5 M NaCl on the protein (not shown) results in an

intensity increase which is smaller than the effect of3@;.

Secondary Structur@he effects of various concentrations
of N&;SQ; on the CD spectra of the mouse full-length recom- fragment and that the structure of the C-terminal domain is
binant prion protein are shown in Figure 1a. The intensity retained in the full-length protein. The N-terminal-2820
of the CD values decreases and shows a dependence on sadegment is not significantly involved in tertiary structure
concentration. The relative shapes of the spectra appear tdormation €). The effect of NaSQ, on the circular dichroism
change. This indicates that the percentage of the residuegattern on the C-terminal fragment is different from its effect
located in the secondary structure probably decreases or neven the full-length protein (Figure 1b). In 0.5 M 8O,
type of secondary structure is formed in JS&; solutions. solution, a small increase in the intensity of the CD signal
Sodium chloride reduces the CD intensity, but the effects is observed with a marginal increase of théelical structure
are significantly less at the same molar concentrations of compared to the values in salt-free buffer. The effect on the
NaSQ, (not shown). The effect of these salts on the full- CD spectra of the protein fragment in 0.25 M JS&
length sheep recombinant prion protein also does notsolution is even smaller, and 0.5 M NaCl does not change
influence significantly the overall shape of the protein CD the spectral pattern compared to buffer (not shown). In 0.5
spectra (not shown). M NaClO;, solution there is a reduction of the CD spectral

A comparison of the CD spectra in the far- and near-Uv intensity of the protein fragment, indicating a reduction in
region of the full-length mouse prion protein and its the secondary structural content of the fragment (Figure 1b).
C-terminal segment shows that the percentage of residues The protein lysozyme, like prion protein, is basic and can
located in regular secondary structures is higher in the polymerize to form amyloid 39). The shape of the CD

Lysozyme

1, buffer

2, 0.5M Na,SO4
3, 0.5M NaClO,

[ 6lvmrw x 107

Wavelength, nm
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spectra of lysozyme in buffer is different from those of the 2
full-length prion protein and the protein fragment. The CD 2
intensity of lysozyme at 208 nm is more pronounced than j
the value at 220 nm (Figure 1c). In the presence of salts, the -5+ B 4
shape of the CD spectra does not change although the overall
CD intensity throughout the spectral range increases in NaCl .
and NaSQ, solutions. The extent of increase in the CD signal CD | 1,buffer,
in these salt solutions is more pronounced than what is _10] 7 02MNat0s
observed for the C-terminal prion protein fragment. The CD
intensity of lysozyme in NaCl@solution decreases to a |
larger extent than observed for the prion protein fragment -13
in perchlorate solution. ‘ L

Thermal Stability Since the starting of the CD values of 25 40 60 80 85
the proteins in buffer and salt solutions before and after the Temperature(C)
thermal denaturation (Figure 1a and Figure 2a, inset) varied, 4
normalized transition curves have been presented to dem- 5
onstrate the thermal denaturation properties of the proteins
in different salt solutions. The results show that, for the full- S T NasSOL
length MoPrP(23-231), the midpoint of the thermal dena- 333%2:%10
turation, Tp,, occurs at 70°C in the experimental buffer o
(Figure 2a). In the presence of p&D, the temperature of @10
thermal denaturation decreases, and the effect increases with
the increase in the concentration of the salt (Figure 2a).
Lowering of the thermal transition temperature, albeit to a
smaller extent, occurs also in the presence of NaCl (Table
1). The results indicate that these salts destabilize the 15
structure of the mouse recombinant prion protein.

The thermal denaturation curves of sheep prion protein in
the salt solutions are shown in Figure 2b. This protein, like

ShPrP

Temperature(C)

4
the mouse protein, hasT, value of 70°C in 0.1 M Tris -5 ShPrP
buffer. The addition of salts also destabilizes the native sheep |1, Tris buffer
prion protein structure. It can be seen from the Figure 2a,b 2,0.25M NaF

3, 0.035M phosphate
4, 0.1M phosphate

that the lowering of thel,, of the sheep prion protein is
greater in the presence of the same concentration of the salts
compared to what is observed for mouse prion protein. The
results also show that, at the same molar concentration (0.25
M), sulfate destabilizes the prion protein structurbg 65°)

more than NaCl (59C) or NaF (65°C) as shown in Figure

2c and in Table 1. At higher concentrations of,8@&, the i} ‘ ‘
protein solution became spontaneously turbid, which pre- 25 40 60 80 85

vented structural or denaturation studies. The destabilization Temperature(C)

of the sheep prion protein in the presence of phosphate is

also observed; e.gT, values in 0.035 and 0.1 M phosphate FIGURE2: Thermal denaturation of (a) the full-length mouse prion
buffer, pH 7.5, are 63 and 6C, respectively (Figure 2c protein and (b and c) the sheep prion protein, in buffer and in the

: presence of different salts. The CD unit is millidegrees. The
and Tabl_e 1). The effects of NaCJQ_i_denaturlng salt for temperatureT,, where 50% of the protein becomes unfolded has
all pr,OtemS’ on the struqtural stability of the f_uI.I-Iength been calculated from the structural transition curve using the JASCO
proteins could not be carried out due to the turbidity of the protein denaturation program. In the inset of (a), thermal denatur-
solutions even in the presence of much lower concentrationsation profiles of the proteins in buffer and p&O, solutions are
of the salt <0.01 M). A comparison of the effects of sodium shown.T,, values were calculated on the basis of these curves. Since

sulfate and sodium chloride on these two prion proteins is the initial and final CD values in different solutions varied (Figure
presented in Figure 3. 1a), for uniform presentation of the results, the denaturation curves

: . . are normalized here and in subsequent figures using a program of
The midpoint of structural transition of the MaPrP(121 JASCO which presents the results making initial and final CD

231) fragment in the experimental buffer is 88 (Figure values comparable without changing fhgvalues. TheT,, values
4a and Table 1) Thé—m values of the fuII—Iength protein (in parentheses) are (a) 1, 0.1 M Tris buffer (10), 2, 0.025 M
and the fragment are comparable, indicating that the presenceéNa,SQ, (66 °C), and 3, 0.25 M Ng8Q; (60 °C). TheT,, values in
of a large number of positive charges in the full-length (b) are 1, buffer (70°C), 2, 0.01 M NaSGQ, (63 °C), 3, 0.25 M
protein does not affect the stability of the structured region NaCl (59°C), and 4, 0.25 M Ng5Q, (55 °C). TheTr, values in (c)
of the prion protein. Sodium sulfate at concentratier@s1 are 1, Tris buffer (70°C), 2, 0.25 M NaF (65°C), and 3 and 4,

St . . 0.035 M (63°C) and 0.1 M (61°C) sodium phosphate buffer, pH
M'is without any effect off'm. Higher concentrations (0.25 7.5.In 0.2 M Tris buffer thel, value for sheep protein is 6&,

and 0.5 M) marginally increase the stability of the protein ingicating that the ionic strength of the buffer does not influence
fragment (Figure 4a). Similar behavior has also been the denaturation property of the protein significantly. A} values
observed in 0.5 M sodium fluoride solution (Table 1). are the average of two determinations.

10 F
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Table 1: Comparison of the Temperature of the Midpoint of the 5 MoPrP 121231 a
Structural TransitionTy, (°C), of the Full-Length Prion Proteins, the |
C-Terminal Fragment, and Lysozyme in Salt Solutions 1, buffer
| 2,0.25M Na;SO,
Tm (°C) -10 173, 0.5M Na;SO,
4,0.5M NaCIO,
MoPrP r
3
salt(M)  ShPrP  MoPrP 121231  lysozyme al v
buffert @
0.1 70 70 68 75
NaSO,
0.01 63 67 20
0.25 55 60 68 76
0.5 b b 71 78 r
NaCI 25 | L | 1 1
0.025 64 68 68 75 -
0.25 59 65 68 75 % 4 & 80 8
N 25 65 68 70 76 Temperature(C)
NaHPO,
0.035 63 -14 b
N %i]. 61 65 70 76 -15 ~Lysozyme
a 04 1, buffer
0.5 b b 63 67 2 0 SN NSO
s V.. 12004
aTris-HCI, pH 7.5; all salt solutions were in this buffer except L 3,0.5MNaClO,

NaHPO, (pH 7.5).° Precipitation.

5 @0
70
65
g
el 1 25 J
) 35 40 50 60 70 80 85
o Temperature(C)
3 Ficure 4: Thermal denaturation of (a) the C-terminal mouse prion
50 : R R . ; protein fragment 1213231 and (b) lysozyme, in different salt sol-
0 005 ol 015 02 035 03 utions. The CD unit is millidegrees. THg, values (in parentheses)

in (a) are 1, buffer (68C), 2, 0.25 M sodium sulfate (6&C), 3,

0.5 M sodium sulfate (72C), and 4, 0.5 M sodium perchlorate
(63 °C). (b) TheT, values for lysozyme are 1, buffer (7€), 2,

0.5 M sodium sulfate (78C), and 3, 0.5 M sodium perchlorate
(67 °C). For lysozyme, the thermal transitions were monitored until
88 °C where all samples attained CD plateau values. For uniformity
of presentation the transitions are shown until°85

Salt Concentration, M

Ficure 3: Variation of temperature of the midpoint of thermal
denaturationT,, of prion proteins in salt solutions: 1 and 3, sheep
prion protein in NaCl and N&O, solutions, respectively, and 2,
mouse protein in NSO,

Sodium chloride (0.5 M) is without any effect on the thermal
stability of the protein fragment (Table 1) whereas NaLIO
solution destabilizes its structure as is evidenced from the

lowering of theTn value to 63°C in 0.5 M salt solution  ¢om the solvent-exposed tryptophans of the octapeptide
(Figure 4). The results demonstrate that the prion protein repeats and tryptophan at the 148 position in the mouse pro-
fr_agment in the presence of salt shows _stabilizati_on properties;qip, (sheep protein has tyrosine at this position). A nonlinear
different from that of the full-length prion protein. decrease in the fluorescence intensity is observed. At 0.095
We have investigated the effects of the above salts on they; gogiym sulfate concentrations, the maximum used in this
thermal stability of lysozyme to compare the results with study, the fluorescence quenching values a25% and
those of prion proteins under the same solution conditions. 5o for mouse and sheep prion protein, respectively (Fi-

The resmilts_show that thege is an increase ofthevalue 16 5) The extent of fluorescence quenching in NaCl is
from 75°C in buffer to 78°C in 0.25 M NaSQ; solution less than that in sulfate. The fluorescence intensity-ate-

(Figure 4b). TheTy value increases marginally in 0.5 M iy ntophan ethyl ester, used as a control, is not significantly
NaCl (not shown) compared to that in buffer whereas the j¢octed by salt; for example, there is only-a6% decrease

same concentration of NaCJC_QIecreas_gs thén, values to i tryptophan fluorescence quenching in 0.095 M8,
67°C. This shows that sulfate ion stabilizes lysozyme against |, 5| of the above experiments, the changes in the fluores-
therr_n_al denaturano_n and chloride ion doe§ not affec_t_the cence intensities did not accompany any change in the
stability of the protein whereas perchlorate ion destabilizes
the structure of lysozyme. All proteins studied in the literature
behave similarly to lysozyme, which is also observed with pscussioN
the prion protein fragment3g). The T, values of all the
proteins in different salt solutions have been summarized in
Table 1.

Tryptophan FluorescencBoth the full-length mouse and
sheep recombinant proteins show a fluorescence maximum
around 350 nm when excited at 280 nm which arises mostly

tryptophan emission maxima of the proteins or the peptide.

Salt solutions have large effects on the structure and
properties of proteins, including their solubility, denaturation,
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11 mentioned that anions do not follow the Hofmeister series
on the folding of positively charged proteins induced by these
ions @1). Further, all ions, whether structure stabilizing or
destabilizing, have been reported to stabilize human serum
albumin structure, preventing intermediate formation during
urea-induced denaturation of the prote#8)(

The stability of the above nucleases in the presence of
Hofmeister anions has been suggested to arise from the
decreased level of intramolecular electrostatic repulsion due
to binding of anions to the positive charges present in the
protein @8). However, the effect of NaClQwhich desta-

s - bilizes lysozyme and all other proteins studied in the
0 2 ) ) 1] 100 literature, cannot be explained by the anion binding to the
Salt Concentration (mM) positive charges of the proteingd4—48). A comparison of
FIGURE 5: Quenching of tryptophan fluorescence by increasing the Tm values of the sheep prion protein in the same molar
concentrations of sodium sulfate and sodium chloride. From top to concentrations (0.25 M) of NaFTg 65 °C) and NaCl
bottom,N-acetyltryptophan ethyl ester (1) and full-length mouse  solutions T, 59 °C) also suggests that simple electrostatic

AcTrpOEt-NaS04

MoPrP-Na,S0,

ShPrP-NaCl

ShPrP-Na,SO,

pritc;]n protein (O'anl\% ir(‘:{\'a2(5104 and SheeptP”CI’“ F¥0tei” (Q.81) interaction between the anions and the full-length prion
n0e  ooonee oratan bEO), respectively. Temperature protein is not responsible for the observed destabilization.

Despite the fact that the study of proteins in salt solutions is
dissociation into subunits, and the activity of the enzymes. nearly a century old, no theory has been able to satisfactorily
These effects are sensitive to the nature of the salt and mayexplain the stabilization/destabilization properties of the
vary over a wide range, even for the salts of the same type.proteins in salt solutions3{, 38). It is considered that
The order of effectiveness of different salts on proteins is increased hydrophobic interaction resulting from the modi-
generally similar to the Hofmeister series which was fication of the solvent water structure by the stabilizing
described for the salting out of the proteins more than a Hofmeister kosmotropic anions (for example, sulfate, phos-
century ago 37). phate, fluoride) prevents protein denaturation, and contrary

The effect of salt on the structural stability of proteins to this, the chaotropic perchlorate ion by breaking the water
(both acidic and basic) becomes important at moderate saltstructure decreases hydrophobic interaction in the protein
concentrations (0.011.0 M) at neutral pH, and the effectis and, together with its favorable interaction with the peptide
dominated by the anion87). The stability of the protein ~ group, denatures the proteir874 44—46). The above
against denaturation follows the Hofmeister series: sulfate explanations of stabilization and destabilization used for
(phosphate)> fluoride > chloride > bromide > iodide protein molecules can explain properties of the prion protein
(perchlorate)> thiocyanate. Interestingly, this is also the 121-231 (MoPrP) fragment and lysozyme in different salt
order in which these ions elute from a Sephadex G-10 solutions. It has also been suggested that the interaction of
column @7). The ions preceding chloride are polar kosmo- proteins with stabilizing ions involves preferential hydration,
tropes, polar water-structure makers, and stabilize proteinthat is, exclusion of the ions from the vicinity of the surface
against denaturation whereas those following it, water- of the protein which increases the stability of the protein
structure breaker ions, destabilize, i.e., denature proteins. The(38, 47—50).
chloride ion in the concentration range of 6A.7 M has The unfolding of the full-length prion proteins in the
little effect on protein stability%7). A considerable amount  presence of protein structure stabilizing ions cannot be
of studies on the effects of salts on the structural propertiesexplained on the basis of the above considerations. Com-
of proteins have been carried out in the past which suggestparison of the results of the full-length MoPrP{2331) and
that at least two effects of salt, viz., their effects on solvent its C-terminal fragment MoPrP(122231) shows that the
(water) structure and electrostatic interaction with the chargedpresence of the unstructured part{229) of the full-length
groups of the protein, make major contributions to the prion protein influences the structural property of the full-
structure-stabilizing properties of the proteid8{42). length molecule, giving the prion protein its characteristic

The Hofmeister anions which stabilize protein structure, properties of destabilization in salt solutions. The N-terminal
viz., SQ? , PQ?, and F, destabilize both full-length  segment 23129 amino acid residues of prion protein are
mouse and sheep prion proteins. The lowering of The considerably rich in glycine groups, and quite often they are
values for both of the proteins in phosphate buffer compared present consecutively as parts of the four octapeptide repeats
to Tris buffer also shows that phosphate, like sulfate and (Appendix) and determine the biological function of the prion
fluoride, destabilizes the prion proteins. The mouse and sheepprotein @1, 22, 28). A comparison of amino acid sequences
prion proteins are basic, havind palues 11.2 and 11.7, shows that 31 of the 37 and 35 of the 40 glycine groups of
respectively. However, lysozymel (p0.7) and the C-terminal  mouse and sheep prion proteins, respectively, are present in
121—231 protein fragment (p6.7), containing the ordered the unstructured segment (Appendix). The results in the
region of the prion protein, follow Hofmeister behavior. literature suggest that the glycine group has unfavorable
Lysozyme and the prion protein fragment show marginal interaction with solvent water, and its favorable or unfavor-
increase in their secondary structural contents, similar to theable interaction with a solute most probably determines
recently studied staphylococal nucleasels (9) in Na- whether a particular protein will be denatured or stabilized
SOy solution. The structural stability of these nucleases also by the solute 49, 50). The solubility values of compounds
increases in the presence of sulfaB8)( It needs to be  with an increasing number of glycine groups, viz., carboben-
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30 70 80 90

KKRPKP . GGWNTGGSRYPGQGSPGGNRYPPQ . GGTW! PHGGSWGOPHGGSWGOPH . GGGW! HNQWN

KKRPKPGGGWNTGGSRY PGQGSPGGNRY PPQGGGGWGQPHGGGWGOPHEGEGWGOPHGGGWGOPHGGGEWGO . GGSHSQWN

120 140 160 180
KPSKPKTNLKHVAGAAAAGAVVGGLGG YMLGSAMSRPMIHFGNDWEDRYYRENMYRYPNQVYYRPVDQY SNQNNFVHDCV
H-1
KPSKPKTNMKHVAGAAAAGAVVGGLGGYMLGSAMSRPLIHFGNDYEDRYYRENMYRYPNQVYYRPVDRY SNQNNFVHDCV

40 50 60 100

MoPrP

OVPrP

MoPrP

OVPrP

200 220
NITIRQHTVTTTTKGENFTETDVRKMMERVVEQMCVTQYQKESQAYYDGR
H-2 H-3
NITVKQHTVTITTTKGENFTETDIKIMERVVEQMCITQYQRESQAYY..Q

MoPrP
OvVPrP

Ficure 6: Amino acid sequence of murine (Mo) and sheep (Ov) prion proteins (aligned).

zoxyglycine, diglycine, and triglycine amides in water, are structural destabilization of the full-length prion protein in
9.5, 4.5, and 1.2 mM, respectivel§1). Calculation of the salt solutions. The favorable interaction of ions increases with
free energy values from these data shows that addition ofthe increase in the number of glycine groups, which probably
one more glycine group to the carbobenzoxyglycine makes explains the increased destabilization of the sheep prion
it unfavorable in water by 440 cal/mol, which becomes protein having a greater number of glycine groups than the
further unfavorable by 780 cal/mol when the molecule mouse protein in the N-terminal segment. The low stabilizing
contains the third glycine group, indicating that interaction energy of helix 1 (enthalpy value &f20 kcal/mol compared
of water with the glycine groups is not energetically favorable to a value of>50 kcal/mol for controle-helices) probably
(50, 51). This is also borne out from the extremely low makes it susceptible for destabilization as a consequence of
solubility of the polyglycines, which are a small fraction of increased ionic concentrations of bound anions at the
the chain lengths of protein in water, which also shows that N-terminal segment of the full-length proteifd). From our
interaction of polyglycine with the aqueous milieu is results with MoPrP(12£231), it is also to be noted that the
equivalent to interaction with the peptide backbo&8)( two internal salt bridges (D144-R148 and D147-R151),
It is known that anions, whether protein stabilizing or which predominantly stabilize the structure of prion protein
destabilizing, interact favorably with the glycine group, helix 1, DWEDRYYREN (residues 144154), are not
making this group energetically more favorable in salt affected by anions, further suggesting the influence of the
solutions compared to watet4, 46). The favorable interac-  glycine groups in the unstructured region whose interaction
tion can arise either from a stoichiometric tedipole with the ions destabilizes the structure of the full-length
complex or from clustering of ions in the vicinity of the protein in salt solutions1@). Our present result is also an
amide dipole of the glycyl group(, 52). Among the ions example where small ions by preferential interaction to a
studied here, the sulfate ion<(.25 M) interacts most  protein at its unstructured N-terminal part signals confor-
strongly with the amide dipole4d). This is most probably =~ mational changes in the structured region of the protein
reflected from the quenching of the solvent-exposed tryp- situated at a distance from the site of interaction. Similar
tophan fluorescence of the proteins in the vicinity of glycine instances are known for proteiprotein and proteiftnucleic
groups. The results in Figure 5 show that both$@, and acid interactions which produce conformational signal trans-
NaCl can quench tryptophan fluorescence of the mouse andduction at a substantial distance from the sites of interaction
sheep prion proteins. The quenching effects on protein of the molecules §3). However, a detailed study of the
tryptophans are considerably more pronounced than thebehavior of prion protein in various salt solutions in different
quenching observed for tryptophan Nfacetyltryptophan environmental conditions, viz., pH, would be useful for
ethyl ester. The observed effect of salts on the Trp fluores- understanding the process of unfolding of the molecule. It
cence quenching of the full-length protein could arise most is known that proteins can undergo denaturation through
likely from the anion-induced conformational change in the stable intermediate(s) in the presence of various denaturants
N-terminal region which affects the environment/properties including salt solutions. The present result of the destabiliza-
of the Trp groups situated in this segment. The observedtion of the prion protein by anions could also account for an
tryptophan fluorescence differences may also result from the anion-induced conformational change to a partially folded
increase in the local anion concentration (due to-idipole intermediate. In the present study we have not addressed
complex or ion clustering, see above) around glycine groups,whether the observed effects of salts on prion protein result
thereby effectively quenching the fluorescence of tryptophan in denaturation or formation of partially unfolded intermedi-
in their vicinity. The increase in the number of consecutive ate conformation(s). Our CD results indicate that a consider-
glycine groups in the peptides increases their favorable able amount of nativelike secondary structure is still retained
interactions with the aniongl4). This is probably reflected in the full-length prion proteins in salt solutions where its
in the higher tryptophan quenching values of the sheep prionnative structure is destabilized. Studies on the tertiary
protein by sodium sulfate compared to the mouse protein structure of the protein in salt solutions would be useful to
containing a relatively smaller number of glycine residues characterize the process of destabilization of the prion protein

in the neighborhood of tryptophans (Appendix).
The exclusion of ions from the surface of the protein,

in these solutions.
Understanding the processes of cellular prion protein

which increases preferential hydration of protein, leads to unfolding and its refolding to the polymeric scrapie isoform

its structural stability48). Contrary to this, we consider that

is of paramount importanc&4). The conformational transi-

the presence of an increased number of anions on the priortion from the a-helical cellular PrP to the 5-sheet-rich

protein surface due to their favorable interaction with the

scrapie PrP*isoform is separated by a large energetic barrier

glycine groups present in the unstructured N-terminal favors that is associated with protein unfoldin@6j. Pentosan
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sulfate, a sulfated glycosaminoglycan, has been shown to
induce the formation of the scrapie isoform from hamster
prion protein 24). DNA induces conversion of recombinant
prion protein to the scrapie isoform, and the interaction leads
to amyloid formation 23, 25). On the basis of our present
results, it can be suggested that interaction of the anions
(sulfate/phosphate) of these polyionic ligands with prion g
protein could induce unfolding of the prion protein. A large
number of studies in the literature show that unfolding of a
protein molecule that allows their intermolecular association
through noncovalent interaction would lead to oligomeriza-
tion and subsequent polymerization to amyld6,(55). The
polyanions, similar to the anions studied here, can be ex-
pected to unfold prion protein in a proper environment and
could result in ordered amyloids depending on the extent of

protein unfolding. It is expected that the organic components 8.

of the polyanions would also play a role in the process of
unfolding to induce Pr¥® and amyloid formationZ3—25).
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APPENDIX

The amino acid sequences of murine (Mo) and sheep (Ov)
prion proteins (aligned) are shown in Figure 6. Only the
amino acid sequences of the mature proteins are shown. The
glycine and tryptophan residues are shown in bold; the four
octapeptide repeats between residues 61 and 93 are under- 5
lined. The threer-helices are shown in italics and numbered
as H-1, H-2, and H-3, respectively, corresponding to helices
1, 2, and 3 9). 5-Strands 128131 and 164167 are also

shown in italics. The three-dimensional structure of sheep 15

prion protein has not been determined. However, the NMR

structures of bovine and human prion proteins show similar 16

secondary structures as in the mouse protein spanning nearly
the same residues (in these, the third helix is longer by 9
amino acids at the C-terminal end)3j. Therefore, the sheep
prion protein is expected to have a secondary structure similar
to those of the other prion proteins. The important point of
Figure 6 is to show the differences in the glycine composi-
tions of the two proteins. Trp 32, Trp 58, Trp 66, and Trp
91 (the latter two belong to the first and fourth octapeptide

repeats, respectively) have respectively 2, 2, 3, and 3 19

consecutive glycyl groups in the mouse prion protein
compared to 3, 4, 3, and 4 in the sheep prion protein. In
addition, Trp 74 and Trp 82 (in the second and third
octapeptide repeats, respectively) are preceded by three

consecutive glycine groups in the sheep protein. In mouse 21.

prion protein, these tryptophans are preceded by GGS 29
sequences.
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