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  Introduction

  Prion proteins (PrPs) are proteinaceous infectious 
particles that are probably the primary pathogens of a 
class of diseases known as transmissible spongiform en-
cephalopathy (TSE)  [1, 2] . Because of their unique fea-
tures as pathogenic proteins, PrPs are the most inten -
 sively studied proteins  [2–6] . However, little is known 
precisely about their normal cellular function and patho-
genesis  [7] . A comparison of mammalian PrPs might help 
to understand the enigmatic functional and pathogenic 
properties of these proteins. Previous studies based on 
sequence comparison between PrPs of different species of 
mammals suggested their evolutionary relationship  [7] . 
However, the fact that the overall topology of the PrP 
gene tree agrees with the species tree suggests that no 
dramatic sequence changes have occurred to avoid cross-
species TSE infectivity such as that occurring among hu-
mans, bovine and sheep  [7] . It is believed that interspecies 
susceptibility is not simply determined by overall se-
quence similarity  [8] . The PrP strain is more important 
with regard to the tertiary structure of nascent PrP Sc  
which is determined by the conformation of PrP Sc  togeth-
er with the PrP sequence of the recipient  [9] .

  It has long been recognized that protein structure is 
more conserved than sequence  [10] . Many potential evo-
lutionary relationships that were not apparent on the ba-
sis of sequence analysis have been discovered since three-
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  Abstract

   Objectives:  The structures of several mammalian prions 
have been determined by NMR; however, their transmission 
and evolutionary features are still unclear. The objective of 
this study is to explore species barrier information from their 
structures.  Methods:  In this study, we compared the func-
tional domains (121–231) of 8 mammalian prions with struc-
ture-based conservation analysis using visual molecular dy-
namic software (version 1.8.5).  Results:  Residues 184, 203 
and 205, which play important roles in modulating the trans-
mission of prion diseases, were identified as a structure-con-
served domain rather than sequence-conserved domain of 
mammalian prions. The phylogenetic tree was reconstruct-
ed based on structure conservation. The topology of the tree 
explains the species barrier during the transmission of mam-
malian prions which cannot be deduced by the sequence 
phylogenetic tree.  Conclusions:  These results suggest that 
structure-based analysis is more accurate and informative 
than sequence-based analysis in the study of prion transmis-
sion and evolution.   Copyright © 2008 S. Karger AG, Basel
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dimensional structures became available  [10] . Domain 
121–231 of PrPs, which contains most of the point-muta-
tion sites that have been linked in the human PrP to the 
occurrence of familial PrP diseases, is made up of five 
secondary structure elements  [11] . It is known that all 
mutations with pathological significance occur either 
within or adjacent to the regions of secondary structure, 
notably associated with the second and third  � -helix and 
in most cases appear to destabilize the PrP structure  [2, 
12, 13] . In the work done by Zahn et al.  [14]  in 2000, the 
tertiary structure of this region of the human PrP was 
determined. However, due to the limited structure data 
of mammalian PrPs, only the structure of mouse and 
hamster PrPs were cited then as a comparison to illustrate 
the evolution and transmission of mammal PrPs. Recent 
studies done by Lysek et al.  [15]  and Gossert et al.  [16]  
have made PrP structures of several other mammalian 
PrPs available, and subsequently made it possible to in-
vestigate their structural similarities.

  Having noticed the crucial role that domain 121–231 
plays in the occurrence of PrP diseases and the theory 
that more information is conserved in the tertiary struc-
ture rather than the primary sequence, we carried out a 
detailed investigation based on structure alignment of 
this region among 8 mammalian PrPs. Multiple struc-
tural alignments were accurately applied to investigate 
structure conservation of this domain. As a comparison, 
multiple sequence alignments were also conducted. Sub-
sequently a robust structural measurement was used to 
reconstruct the evolutionary history of the PrPs. The 
consequent phylogenetic tree based on structure conser-
vation analysis helped us gain new insight into the species 
barrier occurring between the 8 investigated mammalian 
PrPs.

  Material and Methods

  PrP Domains and Coordinates
  The 8 NMR structures used in this study were from the Na-

tional Center for Biotechnology Information (Bethesda, Md., 
USA): mouse PrP 121–231 (PDB ID code 1XYX)  [16] ; bovine PrP 
fragment 121–230 (PDB ID code 1DWZ)  [17] ; human PrP 121–230 
(PDB ID code 1H0L)  [14] ; cat PrP 121–231 (PDB ID code 1XYJ); 
hamster PrP 121–231 (PDB ID code 1B10); pig PrP 121–231 (PDB 
ID code 1XYQ); elk PrP 121–231 (PDB ID code 1XYW) and sheep 
PrP 121–231 (PDB ID code 1XYU)  [15] .

  Structure and Sequence Conservation Analysis
  MultiSeq  [18]  in visual molecular dynamic (VMD) software 

 [19]  was used to analyze both the structures and the sequence 
data. For structural alignment, the multiple structural alignment 
program STAMP  [20]  was used with the parameters npass = 2, 

scanscore = 6, and scanslide = 5. The multiple alignments gener-
ated were then measured with Qres  [21]  to calculate the struc-
tural similarity of each residue. The RMSD value was also calcu-
lated by the script in VMD.

  For sequence data, CLUSTAL W  [22]  is used, and the sequence 
identity of each residue was subsequently calculated for this mul-
tiple sequence alignment by Multiseq.

  Homology Measure and Phylogenetic Analysis
  Method Q H   [21]  is used for homology measurements  [20] . In 

order to investigate the structural evolutionary relationships be-
tween PrPs, we applied the unweighted pair group method with 
arithmetic averages (UPGMA)  [23]  for cluster analysis.

  All figures were made in VMD version 1.8.5 (Theoretical and 
Computational Biophysics Group, UIUC, NIH Resource for Mac-
romolecular Modeling and Bioinformatics, Bethesda, Md., 
USA).

  Results and Discussion

  Structure-Based Conservation Analysis Is More 
Informative than Sequence-Based Conservation 
Analysis of Mammalian PrPs
  A previous study using sequence-based conservation 

analysis has shown a lot of obvious features of domain 
121–231 of mammalian PrPs  [7] . However, due to the high 
sequence similarity among species, simple sequence 
analysis cannot give us enough information. Rather, 
structure-based analysis can be more informative and 
structure alignment is much more likely to be accurate in 
terms of biological function and evolution  [20] .

  In this study, these two approaches were both applied 
to investigate the relationships among the human, bo-
vine, sheep, mouse, hamster, elk, pig and cat mammalian 
PrPs. In  figure 1 A, the 8 superimposed PrPs are color 
coded according to their conservation level which is mea-
sured by the Q method. The Q value per residue for every 
PrP is quantitatively illustrated in  figure 1 B, and ranges 
from 0 to 1 with Q = 0 referring to totally different struc-
tures and Q = 1 referring to identical proteins. As a com-
parison,  figure 2 A is color coded according to sequence 
identity per residue, which is based on multiple sequence 
alignments, and the relative sequence identity for every 
PrP is quantitatively illustrated in  figure 2 B.

  Comparing  figure 1 A with  2 A, the similarity between 
them is apparent. Their structural cores are well con-
served with increasing variation towards the protein sur-
face. The secondary structures are conserved much more 
than non-secondary structures, such as the Ala-Gly-rich 
region 143–163 which is the hydrophobic transmembrane 
segment, Cys179 and Cys214 which involve in the disul-
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  Fig. 1.  Structural alignment of the mammalian prions.  A  Super-
imposed prions color coded by Q per residue. The brighter (bluer 
in the online version) the color the higher the conservation level; 
the dark black (red in the online version) color is the relatively 
lowest conservation level. A striking feature is that the color is 
more abundant than in the plot shown in figure 2A.  B  2D plot 
representing Q per residue based on structure alignment. The res-

idue numbers are given in the x-axis, and the Q values are given 
in the y-axis (Q = 0 refers to totally unconserved residues, while 
Q = 1.0 refers to structurally identical residues). Residues 184, 203 
and 205 are located in the regions with a high Q value which il-
lustrates their high structure conservation (their Q values are 
0.80, 0.78 and 0.80, respectively).
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  Fig. 2.  Multiple sequence alignment of the mammalian prions.
 A  Superimposed prions color coded by sequence identity per resi-
due. The brighter (bluer in the online version) the color the higher 
the conservation level; the dark black (red in the online version) 
color is the relatively lowest conservation level. The color hierarchy 
in this map is more uniform than that in figure 1A.  B  2D plot rep-
resenting sequence identity per residue based on multiple sequence 

alignment. The residue numbers are given in the x-axis, and se-
quence identity values are given in the y-axis (0 refers to the most 
divergent sequence, while 1.0 refers to sequence identically the 
same). Residues 184, 203 and 205 are located in the region with a 
low sequence similarity (the identity values are 0.46, 0.32 and 0.46, 
respectively).
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fide-bridged helix-loop-helix motif H2–H3, and Asn181 
and Asn197 which are the Asn-X-Thr motifs required for 
N-glycosylation. Besides the secondary structure conser-
vation, an interesting phenomenon is that regions of se-
quence similarity are ‘encapsulated’ by larger regions of 
structural similarity which is in accordance with the 
guiding principle that sequence conservation determines 
structure conservation. However, it is not always true that 
some residues with a high Q value can possess a low se-
quence identity value, such as the regions around 184, 203 
and 205 that will be analyzed in detail below. These dif-
ferences have prompted us to pay more attention to the 
characteristics of those structurally conserved residues 
that may be easily neglected by sequence compari -
 son, and showed us that structure-based conservation 
analysis is more informative than the sequence-based 
method.

  Due to the difference between basic computational 
methods, the sequence identity value for some residues 
can be roughly uniform. The Q method is sensitive 
enough to differentiate between them. For example, the 
sequence identity values of the region 125–137 are identi-
cal at 1.0, while their Q values gradually increase. This 
can also be readily and visually seen in  figure 1 A: the 
color coding by the Q method is more abundant than
that by sequence identity. Thus, Q measurement can give 

much more meaningful information than the traditional 
sequence comparison method.

  In general, structure-based conservation analysis is 
more informative than sequence-based conservation 
analysis of mammalian PrPs. According to this notion, 
we studied the characteristics implicated in structure-
based conservation analysis in more detail.

  Structurally Conserved but Sequence Nonconserved 
Residues Can Be Involved in Modulating
Cross-Species Transmission
  Motivated by the fact that structure-based analysis is 

more informative than sequence-based analysis, we stud-
ied those residues with high Q values in more detail. We 
chose Q 0.75, which is the highest structure conservation 
(more than 75% of residue pairs at the correct distance) 
 [21] . Residues 161–162 (located in the  � -sheet), 176–185 
(located in  � -helix 2), and 203–216 (located in  � -helix 3) 
were selected ( fig. 3 ), and the relative average Q values 
and sequence identity values of the 8 species are listed in 
 table 1 .

  Investigating the data in  table 1 , a conspicuous phe-
nomenon is the contradiction between structure and se-
quence conservation for residues 184, 203, 205 and 215. 
These four structurally conserved residues possess a low 
sequence similarity. Interestingly, in the study by Scott 

184 203 205 215

A B

Cat T V R Q H T V T T T T K G E N F T E T D M K I M E R V V E Q M C V T Q
Bovine T V K E H T V T T T T K G E N F T E T D I K M M E R V V E Q M C I T Q
Elk T V K Q H T V T T T T K G E N F T E T D I K M M E R V V E Q M C I T Q
Pig T V K Q H T V T T T T K G E N F T E T D V K M I E R V V E Q M C I T Q
Sheep T V K Q H T V T T T T K G E N F T E T D I K I M E R V V E Q M C I T Q
Mouse T I K Q H T V T T T T K G E N F T E T D V K M M E R V V E Q M C V T Q
Hamster T I K Q H T V T T T T K G E N F T E T D I K I M E R V V E Q M C T T Q
Human T I K Q H T V T T T T K G E N F T E T D V K M M E R V V E Q M C I T Q

  Fig. 3.  Particular residues selected by structure-based conserva-
tion analysis show their 3D orientation.  A  Superimposed mam-
malian prions indicate Q 0.75. The black (yellow in the online 
version)-coded residues represent residues 184, 203 and 205 which 
form a putative epitope. The black (red in the online version)-
coded residue represents residue 215. These residues are thought 

to be structurally conserved in a sequence unconserved region.
 B  Corresponding sequence alignment shows the sequence iden-
tity of the three residues. Residues 184, 203, 205 and 215 are high-
lighted. It is evident that these residues are polymorphic among 
the 8 mammalian prions.
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et al.  [24] , residues 184, 186, 203 and 205 were expected 
to form an epitope modulating PrP transmission, but the 
mutation of these residues created a species barrier. It is 
also expected that residue 184, which is not homologous 
in bovine and mouse PrP and lies at the C-terminal end 
of the chimeric region, might account for the differences 
in the susceptibility of transgenetic (Tg) MHu2M and Tg 
MBo2M mice to PrP. Alternatively residue 203, which is 
a Val in Mo and HuPrP and is an Ile in BoPrP, might be 
responsible for the difference between these species in 
the susceptibility to PrPs. In Tg MBo2M mice, residue 
203 is a Val and thus might prevent the conversion from 
MBo2M PrP C  to PrP Sc   [24] . However, no evolutionary 
features of these residues have been reported yet from a 
structural point of view. According to our results, the 
sequentially disparate but spatially proximal epitope 
formed by 184, 203 and 205 was structurally conserved 
throughout the evolutionary process of the PrP. Though 
they are highly flexible in sequence, it is evident that the 
sequence polymorphism did not dramatically affect 
their tertiary structure, and this is reflected by their bio-
logical significance. Subsequently, their structural con-
servation may insure the infectious ability of PrPs across 
species, while their sequence polymorphism may con-
tribute to the species specificity of PrPs. Thus together 
with the previous studies, our study indicates that these 
functionally important but sequentially variable resi-
dues might play some role in the formation of the species 
barrier.

  As for residue 215, it was found to be involved in the 
discontinuous epitope consisting of residues 168, 172, 
215, and 219 that bind to protein X  [25] . The striking fea-
ture of residues 184, 203 and 205 suggests to us that resi-
due 215 may also be important in terms of the transmis-
sion across the species barrier besides being involved in 

forming the protein X-binding sites. Of course, more ev-
idence is needed to support our theory.

  Phylogenetic Order of the Mammalian PrPs Based on 
Structure-Conservation Analysis Explains the Species 
Barrier Occurring between Mammalian PrPs
  A previous study based on multiple sequence align-

ment has outlined a phylogenetic tree, the topology of 
which agrees with the species tree  [7] . This agreement 
suggests that no dramatic sequence changes have oc-
curred to avoid cross-species TSE infectivity  [7] . A phy-
logenetic tree based on structure homology analysis has 
been reconstructed here to help us gain new insight into 
the species barriers between these mammalians.

  The dendrogram in  figure 4  was drawn based on 
structure analysis. By comparison with the gene tree 
drawn by van Rheede et al.  [7] , the most striking informa-
tion we obtained was the relationship between bovine, 
sheep and human PrPs. In the gene tree, the bovine and 
sheep PrPs are relatively more closely related, but were 
separated from human PrPs at an early evolutionary age. 
In other words, the evolutionary distance of bovine and 
sheep PrPs is equal to that of human PrPs. However, stud-
ies on transmissions to mice indicate that the novel hu-
man PrP disease, variant CJD, is caused by the same PrP 
strain causing BSE  [26–28] . Scrapie of sheep, which has 
been endemic in United Kingdom for more than 200 
years, has never been reported to be able to transmit to 
humans. Besides this evidence, the transmission of BSE 
to mice has made them show remarkably uniform disease 
characteristics, which was different from the contempo-
rary transmission of sheep and goat scrapie  [29] . Accord-
ing to our structure-based phylogenetic tree, human and 
bovine PrPs formed a monophyletic group sharing a com-
mon ancestor, while sheep PrPs diverged from human 

  Table 1.  Average conservation value list

 Res. No.  161  162  163  176  177  178  179  180  181  182  183   184   185  201 
 QV  0.77  0.78  0.76  0.79  0.77  0.76  0.79  0.81  0.79  0.80  0.80   0.80   0.78  0.77 
 SIV  1  1  1  1  1  1  1  1  1  1  1   0.46   0.85  1 

 Res. No.  202   203   204   205   206  207  208  209  210  211  212  213  214   215  
 QV  0.76   0.78   0.79   0.80   0.81  0.81  0.82  0.83  0.84  0.83  0.83  0.83  0.82   0.80  
 SIV  1   0.37   1   0.46   0.86  1  1  1  1  1  1  1  1   0.45  

 The residues whose average Q values (QV) on the 8 mammals are more than 0.75 were selected, and their relative sequence iden-
tity values (SIV) are also illustrated. The contradictions between structure conservation and sequence conservation of residues 184, 
203, 205 and 215 are indicated by bold print. Res. No. = Residue number. 
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and bovine PrPs at an early evolutionary age. The fact 
that the BSE agent is able to cross the so-called ‘species 
barrier’ and infect humans can be directly reflected by 
our dendrogram, which indicates that the overall struc-
ture of the human PrP in the investigated functional do-
main is more similar to bovine than sheep PrPs.

  The relationship between hamster, mouse and human 
PrPs can also be explained using our structure-based 
phylogenetic tree. A previous study has shown that
human and mouse PrP proteins were fully compatible, 
HuPrP fibrils readily seeded mouse protein, and
MoPrP fibrils acted as an efficient seed for fibrillization 
of human PrP  [30] . In contrast, a strong species barrier 
was found between human and hamster PrPs. The lag 
phases for HuPrP fibrillization in the presence of ShaPrP 
seeds, or ShaPrP polymerization in the presence of
HuPrP seeds were very similar to those for nonseeded 
reactions, which indicated that no cross-seeding occurs 
between human and hamster PrPs  [30] . According to our 
tree, mouse PrPs are more homologous to human PrPs 
than hamster PrPs in their tertiary structure, thus the 
transmission more likely occurred between human and 
mouse PrPs rather than between human and hamster 
PrPs.

  Besides the above conclusions, instructive informa-
tion would be obtained from our tree, such as the rela-
tionship between elk and human PrPs. As learned from 

our tree, the evolutionary distance between elk and hu-
man PrPs is closer than that of sheep PrPs but farther 
than that of bovine PrPs, thus whether the chronic wast-
ing diseases found in cervids is able to transmit to hu-
mans or not is of special interest. A recent study has found 
that there is a substantial species barrier for transmission 
of elk CWD to humans  [31] . However, it has long been 
thought that feeding cattle with meat and bone meal has 
allowed the scrapie PrPs from sheep to survive rendering 
and pass into cattle, which consequently causes the dan-
ger in the human food chain  [2] . Thus under the instruc-
tion of our phylogenetic tree, whether the infectious PrP 
particles can ‘jump’ across the species barrier from elk to 
human via bovine is of outstanding interest and needs to 
be investigated further.

  The TSE species barrier is still a mystery for the time 
being. However, our phylogenetic order deduced from 
the tertiary structure has shed more light on the species 
barrier than the simple sequence phylogenetic tree. Thus 
under the notion that more information on strain type is 
encoded conservatively on the tertiary structure rather 
than on the primary structure  [9] , more information may 
be discovered by studying PrP tertiary structure and 
more insight into the function of the ‘mischievous’ PrPs 
will be gained.
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  Fig. 4.  Polygenetic order based on the QH method of the 8 mam-
malian prions. The delta QH bar measures the evolutionary dis-
tance between the species as detailed in Material and Methods. 
This dendrogram was drawn by applying UPGMA cluster analy-
sis. 
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