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ABSTRACT: A considerable body of data supports the model that the infectious agent (called a prion)
which causes the transmissible spongiform encephalopathies is a replicating polypeptide devoid of nucleic
acid. Prions are believed to propagate by changing the conformation of the normal cellular prion protein
(PrP) into an infectious isoform without altering the primary sequence. Proteins equivalent to the mature
form of the wild-type mouse prion protein (residues-231) or with a mutation equivalent to that associated

with Gerstmann-StradisslerScheinker disease (proline to leucine at codon 102 in human; 101 in mouse)
were expressed iB. coli. The mutation did not alter the relative proteinase K susceptibility properties of
the mouse prion proteins. The wild-type and mutant proteins were analyzed by circular dichroism under
different pH and temperature conditions. The mutation was associated with a decredssigal content,

while the-sheet content of the two proteins was unchanged. This suggests the mutation, while altering
the secondary structure of PrP, is not sufficient to induce proteinase K resistance and could therefore
represent an intermediate isoform along the pathway toward prion formation.

The transmissible spongiform encephalopathies (TSE) The majority of human TSE cases are sporadic with only
constitute a group of neurodegenerative diseases occurringabout 10% caused by mutations in the prion protein gene
in both humans and animals and include Creutzfeldtkob (PRNP). The mutations are believed to promote °PrP
disease (CJD), GerstmanStraissler-Scheinker disease conversion into the infective conformer by destabilizing the
(GSS)! bovine spongiform encephalopathy, and scrapie. A protein @). The effects of PRNP mutations have been studied
considerable body of data supports the model that the TSEin both transgenic mice and cell culture models. Transgenic
agent (also known as a prion) is a replicating polypeptide mice expressing the PRNP with the GSS (P102L) mutation
devoid of nucleic acidX). Prions are believed to propagate undergo spontaneous vacuolar neurodegeneradjorF(r-
by changing the conformation of the normal cellular prion thermore, the brain extracts from affected mice could transmit
protein (PrP) into an infectious isoform (PfP% without disease, indicating the generation of de novo prion disease
altering the primary sequence. PiP relatively soluble in (6). The expression of murine PRNP with the D178N familial
detergent and is relatively sensitive to proteinase K digestion, mutation in Chinese hamster ovary (CHO) cells resulted in
while PrPSE aggregates into rods or filaments and is proteinase K resistant and detergent-insoluble )P I
relatively protease resistar®)( The biochemical differences  contrast, expression of human D178N mutant PrP in the
between PrPand PrPSE may be due to altered structures human neuronal M-17 cell line resulted in proteinase K
since spectroscopic analyses have shown th&ttaia low sensitive PrP protein8}. This suggests differences in cell
B-sheet content of 3%, while PI¥ has 43% 8). types and/or PrP sequence can result in different biochemical

properties. Based on the NMR structure of full-length or large
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MATERIALS AND METHODS Large-Scale Expression and Purification Using-WTA
under Denaturing ConditiongExpression was scaled up into

Antibodies 93/36 is a rabbit polyclonal antibody raised 109 L of 2YT media (1.6% bacto-tryptone, 1% bacto-yeast
to the mouse PrP peptide 8203 and used at 1:500. The extract, 86 mM NaCl, plus ampicillin 109g/mL) in 500

3F4 antibody was obtained from Senetek (Missouri) and used, ;| fiasks as described above. The cells were harvested and

at 1:500. _ resuspended into PBS (plus PMSF A@mL) and ruptured
moPrP23-231 Expression Constructshe mouse PrP  py one freezethaw cycle and then passed through an 18-
(moPrP) gene corresponding to amino acids-231 was  gauge needle. The mixture was centrifuged at 19000
amplified by the polymerase chain reaction (PCR) from 109 min and the supernatant discarded. The PrP in the cell
Balb/c mouse genomic DNA with Pwo DNA polymerase pejlet was purified on NiNTA fast flow matrix (QIAGEN)

(Boehringer Mannheim). The forward and reverse primers ;sing conditions based on the metal chelating chromatog-
used were CCG GAA TTC AAA AAG CGG CCA AAG  aphy protocol described by Zhan et al. (199T3)( The

CCT GGA GGG and CCG GAATTC CTAGGATCTTCT  prp eluted from the NiNTA column was desalted with a

CCC GTC GTA ATA GGC. The forward and reverse pp10 column (Pharmacia) into 10 mM potassium phosphate
primers contain aiEcaRl site. The reaction conditions were 1y ffer at either pH 5, pH 6, pH 7, or pH 8 and concentrated
95°C, 1 min; 50°C, 1 min; 72°C, 2 min; 30 cycles. The  \jth a Centricon 10 concentrator into the 10 mM potassium

PCR product was digested wiitaR| and ligated tdEcaRl- phosphate buffer.
digested pRSETB vector (Invitrogen). Recombinant clones * The formation of the disulfide bond was determined by
were confirmed by sequencing. measuring the amount of reduced cysteines with the Ellman

Murine PrP amino acid 101 (proline) was converted to a test (L4). Briefly, a 3 mLsolution of 0.1«M purified moPrP
leucine by PCR splice overlap mutagenesis. PCRs wereor moPrP-P101L protein was prepared in 10 mM potassium
performed using Pwo DNA polymerase on the moPrP23  phosphate of the corresponding pH and mixed with 0.1 mL

231 DNA fragment as the template. The N-terminal fragment of 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), 4 mg/mL in
primers were CCG GAA TTC AAA AAG CGG CCAAAG 10 mM potassium phosphate of the corresponding pH. After

CCT GGA GGG and GGT TTT TGG TTT GCT TAG CTT 15 min, the absorbance was measured at 410 nm. As a
GTT CCA C. The C-terminal fragment primers were GTG reference, 0.1 mL of DTNB (4 mg/mL in 10 mM potassium
GAA CAA GCT AAG CAA ACC AAA AAC C and CCG phosphate of the corresponding pH) was mixed with 3
GAA TTC CTA GGA TCT TCT CCC GTC GTA ATA  mL of 10 mM potassium phosphate of the corresponding

GGC. The PCR conditions were as above. The N- and pH and theAs;o measured. The concentration of sulfydryl
C-terminal fragments were purified, and an aliquot of each groups was calculated from the equation: concentration of
was mixed together and PCR performed with the primers sulfydryl groups= [Asdsample)— Asreference)]/13650.
used to amplify moPrP23231 as above. The PCR fragment  This value allowed the percentage of reduced cysteines
was digested withEcoRI and ligated toEcoRI-digested  to be calculated based on moPrP having two cysteine
PRSETB. residues.

Expression of moPrPand moPrP-P101LThe recombi- Proteinase K DigestionSmall-scale expression cultures
nant plasmids were transformed into the T7 RNA polymerase were harvested, resuspended in PBS, and ruptured by three
containing E. coli BL21(DE3). Small-scale expression freeze-thaw cycles. The mixture was centrifuged at 10§00
cultures were performed by inoculating individual colonies 10 min, and the supernatant discarded. The pellet was
into 2 mL of LB media (plus ampicillin 10@g/mL) and resuspended in proteinase K buffer (10 mM Tris, 150 mM
shaken overnight at 37TC. Then 20Q:L of overnight culture NacCl, 1% Triton X-100, and 1 mM deoxycholate, pH 8)
was diluted to 2 mL in LB (plus ampicillin 10@g/mL) and using a 19-gauge needle. An aliquot of the lysate (containing
shaken at 37C, 1 h. Protein expression was induced by 50 ug of protein) was transferred to a fresh Eppendorf tube,
adding isopropylj-thiogalactopyranoside to 1 mM final  proteinase K was added to a final concentration qfgs
concentration and shaken at 3Z, 2 h. Cells were pelleted mL, and the mixture was incubated at 32 for 10 min. As
by centrifugation, and the pellet was resuspended into 500a positive control, brain tissue from a normal and a CJD
uL of SDS-PAGE sample buffer. The insoluble material subject were homogenized in proteinase K buffer (10% w/v)
was removed by centrifuging at 1009010 min, and the  and spun at 16@pto give a cleared supernatant. A 5Q
supernatant was transferred to a fresh tube. aliquot was digested with 5@g/mL proteinase K as above.

SDS-PAGE and ImmunoblottingProtein samples were  The reaction was stopped with an equal volume of SDS
separated on a 15% SBPAGE gel at 30 mA/gel. Separated PAGE sample buffer.
proteins were transferred to a PVDF membrane, blocked with ~ Circular Dichroism AnalysisFar-UV circular dichroism
5% skim milk in TBST (10 mM Tris-HCI, 0.9% NaCl, 0.1%  spectra were recorded on an Aviv 600 spectropolarimeter at
Tween-20, pH 7.5) fio3 h atroom temperature (RT). A protein concentrations of 0.69.2 mg/mL in 10 mM
primary antibody was applied to the membrane foh at potassium phosphate buffer. The spectra were recorded in a
RT. Blots were washed 3 times (10 min each) between eachl mm cell. Protein concentrations were measured at an
probing step with TBST (pH 7.5). Enhanced chemilumines- absorbance of 280 nm. Specific absorbanées (. 0.1 mg/
cence detection (Amersham) used a secondary anti-mousenL, 1 mm) of 0.024 were used for moPrP(2331) (15). A
or anti-rabbit IgG conjugated to horse peroxidase (1:3000) UV standard concentration curve was calibrated against
to immunodetect the bound primary antibody. Chromogenic amino acid analysis results. The thermal denaturation experi-
detection used an alkaline phosphatase conjugated secondanmypents were performed by heating the CD cuvette with a
antibody (1:10 000) to visualize the protein by using Fast- spectroscopic cell jacket connected to a Jasco water
Red/Naphthol AS-MX phosphate (Sigma) as substrates.  bath.



3282 Biochemistry, Vol. 38, No. 11, 1999 Cappai et al.
prik prik prik pH

:_...l.+ =eE. k= g — - 5 6 7 85 6 7 B
i B | | ]
o e — | - . = 69-

moPTP™ maPP-F101L Mormal CJD 46

Ficure 1: Proteinase K resistance properties of méPnfoPrP-

P101L, and human brain lysatds. coli cell lysates from moP1P 10-
and moPrP-P101L were either incubated with) or without (—)

5ug/mL proteinase K (prtK) and then analyzed by Western blotting 21.5-
with the 93/36 antibody. A zero time point (lane s) shows the

amount of moPrPand moPrP-P101L present in tRe coli lysate.

The normal and CJD human brain lysates were used to show
protease-resistant PrP was detectable in the CJD sample using this moPrPt moPrP-F101L

assay. The human PrP was detected with the monoclonal antibodyFIGURE 2: Silver stain gel of the purified moPYBnd moPrP-P101L
3F4. Note, protease-resistant CJD PrP was present with 5-fold moreproteins after desalting and concentrating into 10 mM potassium
proteinase K than used for tke coli. The positions of the molecular ~ phosphate at pH 5, 6, 7, and 8. The positions of the molecular mass

mass markers in kDa are indicated. markers in kDa are indicated.
RESULTS 20000

Protease Sensitity of Recombinant moPrP-P101Wild- 10000+
type mouse PRNP (moP9)Rcorresponding to amino acids 1

23—231 (hamster sequence numbering) or with the GSS-
associated mutation of proline to leucine at 102 (moPrP-
P101L, position 101 in mouse) were cloned into the T7 RNA
polymerase based vector pPRSETB with an N-terminal hexa-
histidine sequence. Western blot analysis of td&alcoli
lysate with the 93/36 antibody identified a major band at
the expected size of 30 kDa in both moPdhd moPrP-
P101L clones but not i&. colitransfected with the pPRSETB
vector alone (data not shown). The solubility of recombinant |
moPrP was determined by analyzing the supernatant and the -1000{
pellet fractions following centrifugation of the lysate at i
1300@). Both moPrP and moPrP-P101L were found to be "™

insoluble in aqueous buffer and partitioned into the cell pellet 9 200 20 240 260180 200
(data not shown). This is consistent with other studies which wavelength (nm)
have shown that 23231 human PrP15) and the shorter MOPFPC { wwm- ) MOPHP-P101L ( )

90—231 hamster PrPLg) proteins are insoluble, presumably FIGURE 3: Circular dichroism spectra of moPr@lotted line) and
in the form of inclusion bodies. moPrP-P101L (solid line) at pH 5, 6, 7, and 8 measured from 185

We measured the effect of the P101L mutation on the to 250 nm.

relative proteinase K resistancefcoli expressed moPrP.  guanidine hydrochloridel@) before purification. We utilized
The moPrR and moPrP-P101L-expressirg coli were the hexa-histidine tag in conjunction with immobilized nickel
lysed into aqueous buffer and then centrifuged. The cell pellet chelating chromatography to purify moPrBnd moPrP-
fraction was resuspended into proteinase K buffer and P101L in a single step and concentrated it into 10 mM
incubated with proteinase K (mg/mL). The reaction  potassium phosphate buffer at different pHs. As judged by
mixtures were analyzed by Western blotting with the 93/36 silver staining, the final protein preparations contain a single
antibody (Figure 1). It was found that both moPrhd band at 30 kDa (Figure 2) which is immunoreactive with
moPrP-P101L were completely digested by:gmL pro- the 93/36 anti-PrP antibody. This indicates no further
teinase K. No digestion of moPrP occurred in the absencepurification of the protein was required.
of added proteinase K (Figure 1), indicating proteolysis by  Since the disulfide bond in PrP is important for correctly
an endogenouk. coli protease was not taking place. There folded PrP 13, 15, 16), the formation of the disulfide bond
was no detectable difference in the proteinase K sensitivity was determined by measuring the amount of reduced cysteine
of moPrP compared to mutant PrP incubated with a range residues by the Ellman test. It was found the purified proteins
of proteinase K concentrations (0.025 ug/mL) (data not  had very little reduced cysteines-{30%), indicating the
shown). As a positive control, normal and CJD brain lysates majority of the disulfides had been formed and hence
were used, and we found proteinase K resistant PrP wascorrectly folded protein was expressed. This was confirmed
detectable in the CJD sample using this assay. These resultyy the secondary structure analysis described below which
indicate that the P101L mutation does not alter the relative showed a high-helical content consistent with other studies.
proteinase K sensitivity dE. coli expressed mutant moPrP. Circular dichroism (CD) spectroscopy was used to deter-
Circular Dichroism Analysis of moPrP-P101Chere have mine the effect of the P101L mutation on the secondary
been a number of reports describing the purification of full- structure of PrP. CD spectra for moPidhd moPrP-P101L
length or large fragments of PrP frok coli (13, 15, 16). were acquired at four pH values (Figure 3). Both proteins
In those cases where PrP was insoluble, it was solubilizedshowed significané-helical content over the pH range with
with strong denaturants sucls &8 M urea 15 or 8 M characteristic double minima at 208 and 222 nm. The shape
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Ficure 4: Thermal denaturing study of moPrP. Circular dichroism spectra of nigfPpanel) and moPrP-P101L (right panel), pH 7,
measured at 20, 30, 40, 50, 60, and°® The isodichroic point is indicated by the arrow.

Table 1: Calculation of PercentageHelix in moPrP and the yields of purified moPrP at pH 7 and 8 (Figure 2) which
moPrP-P101L at Different pHs suggests a decrease in protein solubility with increasing pH.
pH 5 bH 6 oH 7 pH 8 The pH effect is espeC|aIIy_ no.tlce.a_tble at p.H 5 for maPrP
where then-helical content is significantly higher and there
mg:g_mon 558 428 4g2 4(259 is an obvious difference in the shape of the CD curve from

The values were obtained by measuring the molar ellipticity at 222 that seen at the other pH values. The increase in the 222 nm
a values w i Yy uri iptici o I : ; :

nm from the spectra in Figure 3 and assuming 10@%elix equals mlr,"ma at pH 5 indicates an !ncreasgamellcal Contem’
—33000 at 222 nm. while the greater 208/222 ratio also indicates an increased
random coil content, probably at the expensg-atructure.

of the CD curve and the mean residue ellipticity at pH 7 for |t has been shown that acidic pH, together with denaturing
moPrP are similar to those reported previouslys). For agents, can influence the stability and conformation of
both moPrP and moPrP-P101L, there was an overall PrP90—231 and PrP121231 (17, 18), resulting in unfolding
decrease in thew-helical content with increasing pH, as intermediates.
determined from the 222 nm-helical minima (Table 1), The thermal denaturing of moPr®ccurs at a lower
with moPrP exhibiting significantly highern-helical content temperature than that of moPrP-P101L and appears to involve
at pH 5 than at pH 6, 7, and 8. At each of the four pHs a directa-helix to random coil transition, as indicated by
investigated, the mean residue ellipticities of mdoPakre the isodichroic point at 206 nm. However, the overall
significantly more negative than those of moPrP-P101L, a-helical content of moPrP-P101L is significantly lower than
indicating that moPrP-P101L had a reductionocifhelical that of moPrP, even at elevated temperatures. These results
structure as compared to the wild-type protein. indicate that at ambient temperatures méRréntains an
The thermal stability of the secondary structure of both o-helical region that is not present in moPrP-P101L. This
moPrP and moPrP-P101L was analyzed by obtaining CD region has relatively low thermal stability and unravels to
spectra at pH 7 at different temperatures (Figure 4). The random coil at elevated temperatures. However, because this
thermal denaturing of moPtRs consistent with a direct  a-helical region is absent in moPrP-P101L even at ambient
o-helix to random coil transition with n@-sheet involve- temperatures, it is possible that the thermally unstable region
ment, as indicated by an isodichroic point at 206 nm. The in moPrP is further destabilized by the P101L mutation. This
thermal denaturing of moPrP-P101L appears to involve more destabilization of aw-helical region by the P101L mutation
than two structure types as no isodichroic point is observed. could decrease the energy required for conversion frorhi PrP
In addition, the CD thermal denaturing experiments (Figure to PrPSE and hence provide an explanation for the patho-
4) show thato-helical denaturing occurs more readily for genicity of this mutation.

moPrP than for P_rP—PlOlL, _aIthough the totehelical The recently obtained NMR structure of moPrP{231)
content of moPrP is always higher than that of the mutant gq\ys that under the conditions of the NMR experiment the
at the same temperature. region containing proline-101 is unstructurdd@{12). Our
results indicate that the P101L mutation destabilizes an
DISCUSSION a-helical region in moPrP A possible explanation is that
the mutation may be close in space to arhelix and
The data in this study show that the well-studied GSS consequently alters the global protein structure in a manner
P102L mutation can cause alterations in the secondarythat destabilizes an-helix. An alternative explanation is
structure and thermal properties of PrP. The conformational that the observed CD structure is different from the NMR
differences observed in the CD spectra for both méariel structure due to such factors as concentration or pH. The
moPrP-P101L at pHs 5, 6, 7, or 8 indicate that the unstructured region observed in the NMR tube is probably
environmental pH has an influence on the final folded structured in different solvent environments. An NMR
structure of both proteins. This may explain the decrease instructure of the PrP-P101L mutant protein would help
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determine the specific regional effects of this mutation on

protein structure.

Interestingly, the alteration in PrP-P101L structure did not
result in a change in protease resistance. This suggests that
other factors which may be necessary for protease resistance
(19) are absent irkE. coli. Protease resistance is not always '

6.

7.

associated with mutant PrP since the expression of the human g,

fatal familial insomnia D178N mutation in a human neuro-

blastoma cell line was protease sensit®)e (hile expression

of mutant mouse PrP (including the D178N mutation) in
CHO cells and human Q217R-129V in human neuroblastoma

cells was protease resistari, (20, 21). Our results are

consistent with the suggestion that prion formation is a
multistep process4j which requires other events or factors
for protease resistance and infectivity to occur. This is
supported also by the identification of normal PrP which is

detergent insoluble but protease sensitR2 23), suggestive
of an intermediate form.

The role of mutations in causing prion diseases is believed
to involve destabilizing the structure of the protein to favor
formation of the infectious form paralleled by an increase

in B-sheet with a subsequent decrease-inelix (3, 4). Our
data are consistent with this model, wher&:ircoli the initial

change is a decreasednhelical content and altered thermal
stability. The data in this study have provided important
insights into how these mutations can influence the structure

and possibly the activity of PrP.
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