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Abstract

Although horses and donkeys belong to the same genus, their genetic characteristics probably result in specific proteomes and post-

translational modifications (PTM) of proteins. Since PTM can alter protein properties, specific PTM may contribute to species-specific

characteristics. Therefore, the aim of the present study was to analyse differences in serum protein profiles of horses and donkeys as

well as mules, which combine the genetic backgrounds of both species. Additionally, changes in PTM of the protein transthyretin

(TTR) were analysed. Serum protein profiles of each species (five animals per species) were determined using strong anion exchanger

ProteinChipsw (Bio-Rad, Munich, Germany) in combination with surface-enhanced laser desorption ionisation-time of flight MS. The

PTM of TTR were analysed subsequently by immunoprecipitation in combination with matrix-assisted laser desorption ionisation-time

of flight MS. Protein profiling revealed species-specific differences in the proteome, with some protein peaks present in all three species

as well as protein peaks that were unique for donkeys and mules, horses and mules or for horses alone. The molecular weight of TTR of

horses and donkeys differed by 30 Da, and both species revealed several modified forms of TTR besides the native form. The mass spectra

of mules represented a merging of TTR spectra of horses and donkeys. In summary, the present study indicated that there are substantial

differences in the proteome of horses and donkeys. Additionally, the results probably indicate that the proteome of mules reveal a higher

similarity to donkeys than to horses.
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Horses and donkeys both belong to the genus Equus, how-

ever they represent individual species with distinct genetic

characteristics. These characteristics can result in a species-

specific variability of the proteome ranging from shifts in

molecular weight due to amino acid substitutions, deletions

or insertions to the absence or presence of proteins or protein

complexes. In addition, the genetic predisposed differences

of the proteome may also influence the potential of post-

translational modification (PTM) of proteins by providing or

rejecting modification partners such as phosphorylation, oxi-

dation or glycosylation. Since PTM can alter protein properties

such as transport function, protein–protein interaction and

antioxidant capacity, species-specific PTM may contribute to

species-specific characteristics especially with regard to

metabolism(1,2).

Therefore, the aim of the present study was to analyse

differences in serum protein patterns of horses and donkeys

in order to obtain insight into possible metabolism-related

differences of these closely related species. Furthermore,

changes in PTM patterns were specifically analysed for the

visceral protein transthyretin (TTR). TTR is a homotetrameric

protein, which is directly involved in the transport of thyroxin

and indirectly in the transport of vitamin A(3). TTR represents

an optimal model for studies on PTM, since it possesses a

single cysteine residue that is not involved in any disulphide

bonds and that can be extensively modified. Among others,

dihydroxylation (mass shift of 30 Da), sulfonation (80 Da),

cysteinylation (120 Da) as well as the addition of cysteinylgly-

cine (175 Da) as PTM of TTR have been described(4,5).

Serum analyses were aslo performed in mules. Since mules

originate from the cross-breeding of female horses and male

donkeys, they should theoretically combine the genetic back-

grounds of both species. Therefore, it may be reasonable that

the serum protein patterns and PTM of mules represent indi-

vidual characteristics from both horses and donkeys.

Materials and methods

Serum samples of five horses (three females and two males),

five donkeys (one female and four males) and five mules

*Corresponding author: A. Henze, fax þ49 33200 88 573, email henze@uni-potsdam.de
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(three females and two males) were obtained from Equine

Clinic, Department of Veterinary Medicine, Freie Universität,

Berlin, Germany. Serum was collected during routine examin-

ation from the jugularis vein, centrifuged and stored at 2808C

until analysis.

As samples were collected from the species as part of a

routine clinical evaluation at the clinic, approval from the

university’s animal care and use committee was not required.

Client permission was obtained for the use of the samples. For

protein pattern profiling, serum samples were prepared using

strong anion exchanger ProteinChipsw (Bio-Rad, Munich,

Germany) according to the manufacturer’s instruction. Pro-

teinChipsw (Bio-Rad) were subsequently analysed using

surface-enhanced laser desorption ionisation-time of flight

MS (Ciphergen Biosystems, Fremont, CA, USA) as reported

previously(6). Protein patterns were evaluated statistically

using Ciphergen Peak Software version 3.2 (Ciphergen Biosys-

tems, Fremont, CA, USA). A two-tailed t test for statistical anal-

ysis of differences in the molecular weight of protein peak

clusters between species was used (Biomarker Wizard soft-

ware; Ciphergen Biosystems). The level of significance was

assigned at P,0·02 for a more demanding statistical analysis

as suggested in the Biomarker Wizard software instructions.

For determination of PTM, serum TTR was enriched by

immunoprecipitation as described before and analysed with

matrix-assisted laser desorption ionisation-time of flight MS

(MALDI-TOF-MS; Bruker Daltonics, Bremen, Germany)(7). To

identify native TTR, representative immunoprecipitates of

each species were treated with dithiothreitol and analysed

by MALDI-TOF-MS as described previously(8).

Results

The results of the protein profiling within the mass range from

3 to 30 kDa are presented in Table 1. The molecular weights of

the detected peaks tended to be lower in horses than in mules

or donkeys. However, if the deviation remained within the tol-

erable range, Ciphergen Peak Software assigned the proteins

to the same protein clusters as for donkeys and mules. A

total of thirty-one protein peak clusters could be detected,

of which fifteen (peaks 1, 3, 5, 13–19, 21, 23, 25, 26 and 30)

were present in all three species. Additionally, seven peaks

could be determined only in donkeys and mules (2, 7, 20,

24, 27, 28 and 31), while three peaks were present only in

horses and mules (4, 8 and 9). Furthermore, there were six

peaks, which were present only in horses (6, 10–12, 22 and

29). In contrast, no peaks could be detected, which were

unique for donkeys or UNIQUE FOR mules.

Representative spectra of the analysis of TTR as a model for

determination of differences in PTM patterns are given in

Fig. 1(A). The analysis revealed six TTR peaks in horses

(peaks a–f) as well as in donkeys (peaks A–F), which were

arranged in identical patterns in both species (Fig. 1(A)).

The corresponding peaks of horses and donkeys differed by

approximately 30 Da, and the exact molecular weight of

each peak is given in the legend of Fig. 1.

To identify the native TTR, the immunoprecipitates were

treated with dithiothreitol(8). The subsequent MALDI-TOF-MS

analysis (Fig. 1(B)) revealed single dominant peaks of

13 797 Da in horses (corresponding to peak a) and 13 827 Da

in donkeys (corresponding to peak A), which were assigned

to the native TTR.

Besides the native TTR, the other TTR variants differed by

approximately 30, 80, 120, 140 and 175 Da in both horses

and donkeys. As a result, the modifications of 120 and

175 Da represented the most dominant forms in non-reduced

TTR in both species. According to the literature, the modifi-

cation of 30 Da was assigned to dihydroxylated TTR (peaks

b and B), 80 Da to sulfonated TTR (peaks c and C), 120 Da

to cysteinylated TTR (peaks d and D) and 175 Da to cysteinyl-

glycinated TTR (peaks f and F)(4). However, the modification

with a mass increase of 140 Da (peaks e and E) remains

unknown. Additionally, the spectra of some animals revealed

a mass shift by approximately 242 Da (indicated as * in the

spectra of donkey in Fig. 1(A)), which may represent a con-

version of arginine to ornithine according to the Delta Mass

Database(9).

Table 1. Molecular weights (Da) of protein peaks detected by
ProteinChip analysis with surface-enhanced laser desorption ionisation-
time of flight MS in the serum of horses, mules and donkeys

(Mean values and standard deviations)

Horses Mules Donkeys

PC Mean SD Mean SD Mean SD

1 4171*† 13 4196 7 4197 12
2 n/d 4287 7 4287 6
3 4540*† 5 4567 7 4563 6
4 4723† 5 4749 8 n/d
5 4883 9 4880 8 4881 7
6 5096 55 n/d n/d
7 n/d 5451 10 5454 6
8 5548† 8 5581 9 n/d
9 5759† 9 5785 7 n/d
10 7016 10 n/d n/d
11 7133 10 n/d n/d
12 7336 6 n/d n/d
13 7666† 8 7593 33 7639 27
14 8065*† 9 8093* 12 8125 10
15 8258*† 15 8299 7 8299 9
16 8514*† 8 8543 11 8541 9
17 8785*† 8 8808* 14 8768 9
18 9054*† 2 9090 8 9084 12
19 9419* 11 9452 25 9462 15
20 n/d 11 483 12 11 495 16
21 12 621 13 12 548 100 12 589 82
22 13 112 47 n/d n/d
23 13 905 10 13 929 17 13 923 26
24 n/d 14 868* 13 14 870 23
25 17 238 18 17 258 28 17 261 16
26 21 860† 19 21 906 28 21 874 17
27 n/d 22 975* 20 22 908 17
28 n/d 24 926* 84 25 112 106
29 26 142 41 n/d n/d
30 27 590*† 27 27 699 28 27 685 20
31 n/d 29 612* 107 29 843 108

PC, protein cluster; MW, molecular weight; n/d, not detected.
* Mean values were significantly different from those of donkeys (P,0·02).

Although there was a significant difference, the peptides and proteins were
assigned to a protein cluster according to Biomarker Wizard software (Ciphergen
Biosystems, Fremont, CA, USA).

† Mean values were significantly different from those of mules (P,0·02). Although
there was a significant difference, the peptides and proteins were assigned to a
protein cluster according to Biomarker Wizard software (Ciphergen Biosystems).

Proteome analysis of horse, donkey and mule S171

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114511000845
Downloaded from https://www.cambridge.org/core. Universitaet Potsdam, on 29 Jun 2018 at 06:09:46, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0007114511000845
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


Since mules represent one TTR allele from horses and one

TTR allele from donkeys, the mass spectra of mules rep-

resented a merging of mass spectra from horses and donkeys.

Therefore, horse-specific (peaks a, c and d) as well as

donkey-specific peaks (peaks B, D and F) could be identified.

However, due to the slight mass shift between horses and

donkeys, not all TTR variants of horses and donkeys could

be recovered in mules. This is most probably due either to

the domination by other peaks (e.g. donkeys’ TTR peak C is

dominated by horses’ TTR peak d) or to identical molecular

weights (e.g. horses’ TTR peak b and donkeys’ TTR peak A)

and precluded a definite identification.

Discussion

The high degree of agreement of protein patterns in the serum

of horses and donkeys emphasises the high phylogenetic

relationship of these two species. However, protein profiling

does also reveal that despite the phylogenetic similarity, the

genetic differences account for significant differences in the

serum proteome of these species. Furthermore, mules theor-

etically combine the complete genetic backgrounds of

horses and donkeys. The parallel existence of a horse allele

and a donkey allele could be clearly shown in the TTR spectra

of all three species, indicating that mules are genetic overlays

of horses and donkeys. However, protein profiling revealed a

higher similarity between mules and donkeys at the protein

level, and it also became apparent that some horse-specific

proteins are not detectable in mules. This may indicate that

the expression of several horse-specific genes is suppressed

in mules and may account for the higher robustness of

mules in comparison with horses. The proteome reflects the

metabolism of individuals and therefore also differences in

the metabolism between different individuals or, as in the pre-

sent study, between different species. These differences in

metabolism may be attributed to numerous factors. However,

one factor of enormous importance in this context is nutrition.

Every nutritional process relies on the interplay of a variety of

proteins(10). Furthermore, in terms of nutrition, mules more

closely resemble donkeys than horses (Robinson and Slade).

Therefore, the differences and analogies in proteomes in the

present study may be mainly attributed to differences in

species-specific food processing, as already demonstrated for

copper sensitivity of Cambridge sheep and North Ronaldsay

sheep(11). However, further studies in combination with

feeding experiments are necessary for a detailed examination

of the influence of nutrition on protein profiles.

An interesting example for the influence of nutrition on the

proteome is the protein TTR. In this context, it has been

demonstrated that the biological values of proteins in the

diet determine the PTM pattern of TTR in the serum of

rats(12). This characteristic of TTR is probably due to the free

cysteine residue, which is, as with every free cysteine residue,

part of the endogenous extracellular antioxidant defence

system(13,14). The comparison of the PTM pattern of TTR

from horses and donkeys did not reveal a significant differ-

ence. However, the interpretation of TTR variants from

mules is difficult due to the genetic overlay, but it seems

very likely that there are no differences in PTM patterns in

comparison with either horses or donkeys. Moreover, all

three species revealed PTM comparable with species with a

free cysteine residue at position 10 of the TTR monomers
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Fig. 1. Representative matrix-assisted laser desorption ionisation-time of flight MS spectra from transthyretin (TTR) of horses, donkeys and mules immunoprecipi-

tated from (A) serum and (B) after dithiothreitol treatment. The TTR variants revealed the following molecular weights: a, 13 797 Da (^4); b, 13 839 Da (^7);

c, 13 878 Da (^4); d, 13 916 Da (^4); e, 13 937 Da (^3); f, 13 966 Da (^16); A, 13 827 Da (^4); B, 13 846 Da (^7); C, 13 906 Da (^4); D, 13 946 Da (^4);

E, 13 966 Da (^4); F, 14 002 Da (^4). The * indicates a TTR variant with 242 Da, which was present in some of the analysed samples; a.i., arbitrary index.
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(humans and rats)(4). These results strongly indicate the

existence of a free cysteine residue also in the TTR of

horses, donkeys and mules, which may be important in the

endogenous extracellular antioxidant defence system of all

three species. Furthermore, a higher degree of modification

of the free cysteine residue may indicate oxidative stress in

horses, donkeys and mules. The present results may indicate

an endogenous antioxidant defence system of horses, don-

keys and mules comparable with humans and rats. However,

due to the distinct differences in protein patterns of the three

species, further analyses are needed to evaluate PTM of the

whole proteomes.
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