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Post-translational modifications have major importance for
the structure and function of a multiplicity of proteins. Phos-
phorylation is a widespread phenomenon among eukaryotic
proteins. Whereas O-phosphorylation on the side chains of ser-
ine, threonine, and tyrosine in proteins is well known and has
been studied extensively, to our knowledge the endogenous
phosphorylation of hydroxyproline has not previously been
reported. In the present work, we provide evidence for the first
time that O-phosphohydroxyproline (Hyp(P)) is a proteinogenic
amino acid. To detect Hyp(P) in proteins we generated a
Hyp(P)-specific polyclonal antibody. We could identify Hyp(P)
in various proteins by Western blot analysis, and we character-
ized the sequence position of Hyp(P) in the protein a-crystallin
A by electrospray ionization-tandem mass spectrometry. Our
experiments clearly demonstrate hydroxylation and subsequent
phosphorylation of a proline residue in a-crystallin A in the eye
as well as in heart tissue of rat.

A wide range of biological processes are controlled by revers-
ible protein phosphorylation, and conservative estimates indi-
cate reversible phosphorylation targets of up to one-third of
cellular proteins (1). To understand protein regulation through
phosphorylation it is essential to find and characterize all sites
and types of phosphorylation on proteins and to identify the
kinases involved.

Besides the three genetically encoded hydroxyamino acids
serine (Ser), threonine (Thr), and tyrosine (Tyr), there are
two other hydroxyamino acids, hydroxyproline (Hyp)? and
hydroxylysine (Hyl). They are not encoded in the genome,
although they can be identified in mature proteins. They are
generated by enzymatic hydroxylation of proline (Pro) and
lysine (Lys) residues (2). All genetically encoded hydroxy-
amino acids in polypeptide chains, such as serine, threonine,
and tyrosine have been shown that they can undergo post-
translational phosphorylation (3, 4). Although phosphoryla-
tion of Hyl has been described in collagens (5) phosphohy-
droxyproline (Hyp(P)) has not been identified in native
proteins.

In addition to the O-phosphorylation of the hydroxyl group,
O-glycosylation is another important modification. There is a
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growing speculation that phosphorylation and glycosylation
share a reciprocal relationship. Both Hyp and Hyl are known to
undergo glycosylation in a few proteins. In collagens up to 70%
of Hyl residues are modified with galactose and glycosyl-galac-
tose (6). Hyl was also found to be phosphorylated in collagens
(5). In extensins (hydroxyproline-rich glycoproteins) of the cell
wall in plants, ~50% of protein mass is glycosylated at Hyp
residues by mono-, di-, tri-(1—2)-B-linked arabinoses (7, 8, 9).
Furthermore, cytoplasmic F box-binding protein SKP1 in Dic-
tyostelium contains a pentasaccharide linked to Hyp (10).
These findings suggest that subsequent modification of Hyp is
widespread and that, in analogy to all other hydroxyamino
acids, phosphorylation of Hyp should be possible in native
proteins.

Hydroxylation of Pro is the precondition for subsequent
phosphorylation and has been studied extensively in collagens
(2). The hydroxyl groups are introduced by sequence specific
prolyl-3- or prolyl-4-hydroxylases. Prolyl-3-hydroxylase modi-
fies Pro residues located C-terminally of glycine (Gly-Pro
motif). Although Pro located at the N-terminal side of Gly (Pro-
Gly motif) is hydroxylated by prolyl-4-hydroxylase, both
hydroxylases introduce the hydroxyl group in trans configura-
tion. In collagens >90% of Hyp is in trans-4 configuration. It
seems to be the most common Hyp isomer whereas only up to
2% are trans-3-Hyp (2). The alternative cis configuration of Hyp
was not described in native proteins so far. Although Hyp was
found in a multiplicity of other proteins, the corresponding
hydroxylases are mostly unknown.

Several experiments have shown that enzymatic phosphory-
lation of Hyp residues in synthetic peptides by a Ser-specific
kinase is possible, although the kinetics of Hyp phosphorylation
were very low compared with those of Ser and Thr (11-13). The
configuration of Hyp played a crucial role in these experiments.
Enzymatic phosphorylation of trans-4-Hyp appeared to be pos-
sible, but not the phosphorylation of cis-4-Hyp (12). All of these
findings implicate that Hyp(P) is a proteinogenic amino acid.

Here, we present the phosphorylation of Hyp in proteins by a
specific polyclonal antibody. Furthermore we identified for the
first time the sequence position of Hyp(P) by mass spectrome-
try in a-crystallin A. Because the isomeric configuration of the
Hyp residue remained unclear for the majority of Hyp-contain-
ing proteins, we outline the mass spectrometrical characteriza-
tion of peptides containing various Hyp(P) isomers. Thus, it
was interesting to know whether MS/MS fragmentation was
able to characterize the configuration of Hyp(P) in post-trans-
lationally modified proteins and to find parameters that would
allow for the identification of Hyp(P) in unknown proteins.
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This would permit to distinguish between Hyp(P) and other
phosphoamino acids.

EXPERIMENTAL PROCEDURES

Materials—Amino acid derivatives were purchased from
Sigma-Aldrich and polystyrene AM RAM resin was obtained
from Rapp Polymere (Tiibingen, Germany). Peptide synthesis
was performed with reagents and solvents from Applied Bio-
systems. All reagents and solvents for phosphorylation were
obtained from Sigma-Aldrich or Merck and were of the highest
available purity.

Protein Purification—Total protein was prepared from aorta,
heart, and eye tissue of a female adult rat in consideration of the
conservation of O-phosphoesters. O-Phosphates are acid-sta-
ble and more or less unstable in alkali for example, whereas
N-phosphates are acid-labile (14). Thus, it is important to pre-
vent the phosphoamino acid residues from dephosphorylation
by unsuitable chemical conditions or by phosphatases because
in most cases only a small percentage of the potential phospho-
protein is phosphorylated at a specific point in time (15). The
rat was maintained in the animal facility of the Heinrich-Heine-
University, Disseldorf, Germany. The tissues were frozen in
liquid nitrogen and pulverized. Homogenization was per-
formed with a buffer containing 50 mm Tris-HCl (pH 7.4), 150
mM sodium chloride, 1% Nonidet P-40, 0,25% sodium deoxy-
cholate, 1 mMm sodium orthovanadate, 1 mm EDTA, 1 mMm ben-
zamidine, 10 um PMSF, and 1 mm DTT. After centrifugation at
28,000 X g, soluble proteins of the supernatant were precipi-
tated in ice-cold acetone/trifluoroacetic acid (9:1 v/v).
Advanced protein purification was performed by SDS-PAGE.

Electrospray Mass Spectrometry—Electrospray experiments
were performed with an electrospray ionization-QqTOF
hybrid mass spectrometer (QSTAR XL; Applied Biosystems)
equipped with a nanoflow electrospray source. In preliminary
steps, protein bands were excised from SDS gels and digested in
situ with modified trypsin (Sigma-Aldrich). Resulting peptides
were desalted and concentrated by reversed phase C18 ZipTips
(Millipore). To reduce complexity of the samples, elution was
performed gradually in 10% MeOH steps.

Synthesis of cis-4/trans-3-Fmoc-Hyp Isomers and Peptides—
Fmoc derivatives of cis-4-hydroxy-L-proline and trans-3-hy-
droxy-L-proline were synthesized according to the protocol of
Paquet (16). Peptides were synthesized on a 433A peptide syn-
thesizer (Applied Biosystems) using standard Fmoc chemistry.
When Fmoc-hydroxy-L-proline derivatives with an unpro-
tected hydroxyl group were introduced activation was
employed by N,N’-diisopropylcarbodiimide/1-hydroxybenzo-
triazole. After cleavage and deprotection, the peptides were
purified by reversed phase HPLC and lyophilized. Peptide iden-
tity was confirmed by mass spectrometry.

Peptide Phosphorylation—The side chain-unprotected pep-
tide resins were phosphitilated by dibenzyl-N,N-diisopropyl-
phosphoramidite/tetrazole yielding phosphopeptides after oxi-
dation by tert-butylhydroperoxide followed by trifluoroacetic
acid cleavage/deprotection (17). The resulting phosphopep-
tides were confirmed by mass spectrometry.

Generation of Polyclonal Antibodies—The generation of
mono- or polyclonal antibodies against Ser(P), Thr(P), and
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FIGURE 1. Specificity of the polyclonal antibody tested by dot blot analy-
sis. Each spot contained 1 ug of synthetic peptide. Sequences of the peptides
are denoted to the right of the spots. Phosphoamino acids in the sequences
are boldfaced. Hyp and all phosphoamino acids are denoted in three-letter
code, all other amino acids are in one-letter code.

Tyr(P) is described by several authors (18, 19). Antibodies
against Hyp(P) were not available so far. Therefore, a Hyp(P)-
specific polyclonal antibody was generated. We used a short
synthetic sequence of collagen, including five Hyp(P) residues
instead of Hyp for immunization. The sequence of the peptide
was Gly-Pro-Hyp(P)-Gly-Pro-Hyp(P)-Gly-Pro-Hyp(P)-Gly-
Pro-Hyp(P)-Gly-Pro-Hyp(P). After coupling the peptide to
keyhole limpet hemocyanin it was used for immunization of a
rabbit. Polyclonal antiserum was obtained from SEQLAB (Got-
tingen, Germany). Polyclonal antibodies were separated and
enriched from the serum by protein A-Sepharose. The resulting
specificity of the antibodies we obtained meets the require-
ments for Western blot analysis. No further affinity purification
using synthetic phosphopeptides was done.

RESULTS

Detection of Hyp(P)-containing Proteins by Western Blot
Analysis—To detect Hyp(P)-containing proteins, we generated
a Hyp(P)-specific antibody. The specificity of the generated
polyclonal antibody was tested by ELISA and dot blot analysis.
The polyclonal antibody showed high specificity for Hyp(P) in
all tests independently from the surrounding peptide sequence
and without cross-reactivity to different phosphoamino acids
such as Ser(P), Thr(P) or Tyr(P) (Fig. 1). Although unlikely,
there is a small possibility that the polyclonal antibody could
recognize sulfated Hyp. Sulfation can be a post-translational
modification of proteins, but to our knowledge the only target
amino acid is tyrosine. Sulfation of Hyp has not yet been
demonstrated.

Total protein from aorta, heart, and eye tissue of rat was
prepared. Each of the three protein samples was separated by
SDS-PAGE and assayed immunologically by Western blot anal-
ysis. The Hyp(P)-specific antibody recognized Hyp(P) in a few
protein bands (Fig. 2). To verify these results and to confirm the
specificity of the antibody, two aliquots of the protein prepara-
tions were pretreated with various phosphatases prior to SDS-
PAGE. Pretreatment with the serine-/threonine phosphatase
calcineurin did not alter the recognition pattern of proteins by
the Hyp(P)-specific antibody compared with untreated pro-
teins. In contrast, the Hyp(P)-specific antibody did not recog-
nize any protein when the protein samples were pretreated with
alkaline phosphatase which unspecifically dephosphorylates
any known phosphoester, including Hyp(P) (Fig. 2).
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FIGURE 2. Detection of Hyp(P)-containing proteins by Western blot analysis. SDS-PAGE (8 -15% gradient)
of total protein of heart, aorta, and eye from rat is shown. The Western blot was performed with a Hyp(P)-
specific polyclonal antibody. Aliquots of total protein without pretreatment, pretreated with calcineurin, and
pretreated with alkaline phosphatase were compared. Protein bands denoted with roman numerals were
identified by MS/MS analysis as (/) B-crystallin B2, (/l) B-crystallin A4, (/ll) a-crystallin B, (IV) a-crystallin A.

by mass differences between frag-
ment ions y; and y,. In case of Pro,
the mass difference between y, and
ys was 97 Da. Mass differences of
113 Da and 193 Da between y; and
ye corresponded to the modified
forms of Pro, meaning Hyp and
Hyp(P), respectively. All of the fol-
lowing fragment ions were trans-
posed to the corresponding higher
m/z values.

Thus, a-crystallin A from eye tis-
sue contained three subpopulations
with different structural states at
amino acid position 16 (Table 2).
The amino acid Pro appears in non-
modified state as well as the modi-

TABLE 1
Proteins recognized by Hyp(P)-specific antibody in Western blot
Protein band Heart Eye
I B-Crystallin B2 B-Crystallin B2

I B-CrystallinA4 B-CrystallinA4
111 a-Crystallin B a-Crystallin B
v a-Crystallin A

The Western blot showed specific recognition of Hyp(P) in
different tissues: in three protein bands from heart tissue and
four protein bands from eye tissue (Fig. 2). These seven proteins
were analyzed by mass spectrometry. They all were identified as
members of the protein family of crystallins (Table 1).

Identification of Hyp(P) in a-Crystallin A—To confirm the
results of Western blot analysis and to identify Hyp(P) in the
amino acid sequence of the detected proteins, MS analysis was
performed. Hydroxylation or phosphorylation resulted in a
mass increase of 16 Da and 80 Da, respectively. The mass spec-
trum of a-crystallin A indicated a signal of a doubly charged ion
with [M+2H]*" 504.33 m/z that was accompanied by signals
with [M+2H]>* 512.33 m/zand [M+2H]>* 552.32 m/z (Fig. 3).
These characteristic mass differences of 8 m/z and 40 m/z for
doubly charged ions (16 Da and 80 Da for singly charged ions)
gave a strong indication for peptide hydroxylation and
phosphorylation.

MS/MS analysis of the doubly charged ion with [M+2H]**
504.33 m/z identified the peptide sequence ALGPFYPSR cor-
responding to amino acid residues 13-21 of rat a-crystallin A
(Fig. 4A). Despite the different masses of precursor ions with
[M+2H]?*" 512.33 m/z and with [M+2H]** 552.32 m/z the
corresponding peptides had the same sequence but each with
another modification. The ion with [M+2H]** 512.33 m/z
contained Hyp instead of Pro, resulting in the sequence
ALG(Hyp)FYPSR (Fig. 4B), whereas the ion with [M+2H]*"
552.32 m/z contained Hyp(P) at this position, resulting in the
sequence ALG(Hyp(P))FYPSR (Fig. 4C). MS/MS spectra of
the three peptides showed the entire y series of fragment ions.
The completeness of y series facilitated the comparison of pep-
tide sequences. Fragment ions y, to y; were identical in all three
peptides. Post-translational modification of Pro was indicated
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fied forms Hyp and Hyp(P). Com-
parison of the signal intensities of the three peptides in the
overview mass spectra (Fig. 3) shows that the unmodified (m/z
504.33) and the hydroxylated peptide (m/z 512.33) exist in
more or less equal amounts. The phosphohydroxylated peptide
(m/z552.32) is about 80% of the signal intensities of proline and
hydroxyproline and thus constitutes a significant proportion of
the total protein. Both modifications of Pro'® were also
observed in a-crystallin A from heart tissue. In all other protein
bands recognized by the polyclonal antibody no further Hyp(P)
could be verified by MS so far.
Characterization of Hyp(P) Isomers—Hydroxylation of Pro is
a frequently observed post-translational modification in vari-
ous proteins (2). Well investigated is hydroxylation of Pro in
collagen, the most abundant protein in vertebrates (2). Here,
the oxidation is catalyzed by a position-specific prolyl-3- or
prolyl-4-hydroxylase. The hydroxyl groups are introduced in
trans position by these enzymes (2). Whether hydroxyl groups
can also be introduced in cis position by hydroxylases is
unknown. To determine whether the detected Hyp(P) in
a-crystallin A was in cis or trans conformation and which posi-
tion at the proline ring was modified (Fig. 5), three sets of three
peptides were synthesized for mass spectrometric comparison
(Table 3). Three peptides were corresponding to the short
a-crystallin A sequence of the Hyp(P)-containing peptide.
Three other peptides had the same sequence but were elon-
gated by an additional arginine at the N terminus correspond-
ing to a miscleavage of native a-crystallin A sequence by tryp-
sin. The last three peptides corresponded to a completely
different sequence. In each set one peptide contained trans-4-
Hyp(P), another one trans-3-Hyp(P), and the last one cis-4-
Hyp(P). We characterized the fragmentation behavior of the
three Hyp(P) isomers in the different synthetic peptides to find
parameters that would allow the identification of Hyp(P) con-
figuration in native proteins. Furthermore, it was of interest to
study the fragmentation behavior of Hyp(P) compared to the
well known fragmentation behavior of Ser(P), Thr(P), and
Tyr(P).
In general, aliphatic phosphoesters such as Ser(P) and Thr(P)
eliminate HPO, and H;PO, during MS/MS fragmentation. In
contrast, the aromatic phosphoester Tyr(P) shows only the loss
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of HPO,. These rules are commonly used to distinguish
between aliphatic and aromatic phosphoamino acids. Despite
the ring structure of Hyp(P), in our measurements of Hyp(P)-
containing peptides a fragmentation behavior was observed
similar to the aliphatic phosphoesters Ser(P) and Thr(P). All
Hyp(P)-containing peptides showed both fragment ions:
[M+H-HPO,]™* with a A of 80 Da and [M+H-H,PO,] " with a
A of 98 Da (Fig. 6).
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MS/MS fragmentation of the single amino acid Hyp(P)
showed a fragmentation pattern similar to that of Hyp(P)-con-
taining peptides: both fragment ions [M+H-HPO,]* and
[M+H-H,PO,]" were observed. In negative mode, the MS/MS
spectra of Hyp(P) showed signals of [PO;]™ with 79 Da and
[H,PO,] ™ with 97 Da. Thus, the fragmentation behavior of the
single amino acid Hyp(P) was again more similar to the frag-
mentation behavior of the single amino acids Ser(P) and Thr(P)
than to that of single Tyr(P). For this
reason, a clear distinction between
Hyp(P) and other phosphoamino
acids based on the fragmentation
behavior seems not to be possible.
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FIGURE 3. MS spectrum of eye a-crystallin A after trypsin digestion. Peptide signals within the ellipsoid are
shown in the inset. Mass differences of 8 m/z and 40 m/z of doubly charged ions indicate a possible peptide
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FIGURE 4. Comparison of the MS/MS spectra of the precursor ions with [M+H]?>* 504.33 m/z, [M+2H]>* 512.33 m/z, and [M+2H]?* 552.32 m/z. All
spectra show complete y series. The three peptides have identical amino acid sequences. The mass shift between fragment ions ys and y, is characteristic for

Pro (A), Hyp (B), and Hyp(P) (C) at the relevant sequence position.

ACEVEN

OCTOBER 8, 2010+VOLUME 285+NUMBER 41

JOURNAL OF BIOLOGICAL CHEMISTRY 31487



Identification and Characterization of Phosphohydroxyproline

TABLE 2

Sequence of rat a-crystallin A chain (Swiss-Prot accession number
P02490)

The underlined residues denote the sequence section where the modifications were
found. At position 16, the amino acid Pro (boldfaced) was observed in unmodified,
hydroxylated, and phosphorylated state.

MDVTIQHPWFKRALGPFYPSRLFDQFFGEGLFEYDL
LPFLSSTISPYYRQSLFRTVLDSGISEVRSDRDKFV
IFLDVKHFSPEDLTVKVLEDFVEIHGKHNERQDDHG
YISREFHRRYRLPSNVDQSALSCSLSADGMLTFSGP
KVQSGLDAGHSERAIPVSREEKPSSAPSS

trans-4-Hyp(P) trans-3-Hyp(P) cis-4-Hyp(P)
(e} 0}
OH OH

HN HN

<;> <.>
O=IT—O_ O=T—O‘

OH OH

FIGURE 5. Isomers of Hyp(P).
TABLE 3

Synthetic peptides for mass spectrometric characterization of Hyp(P)
isomers

[M+H]" a-Crystallin A peptides
1103.48 ALG(trans-4-Hyp(P))FYPSR
1103.48 ALG(trans-3-Hyp(P))FYPSR
1103.48 ALG(cis-4-Hyp(P))FYPSR
[M+H]*" a-Crystallin A peptides (elongated)
1259.59 RALG(trans-4-Hyp(P))FYPSR
1259.59 RALG(trans-3-Hyp(P))FYPSR
1259.59 RALG (cis-4-Hyp(P))FYPSR
[M+H]" Tau peptides
1871.06 KKVAVVR (trans-4-Hyp(P))LPQVQSVR
1871.06 KKVAVVR (trans-3-Hyp(P))LPQVQSVR
1871.06 KKVAVVR(cis-4-Hyp(P))LPQVQSVR

sequence by an additional arginine at the N terminus com-
pletely changed the fragmentation pattern. All three peptides
showed a loss of HPO, as major process independent of their
isomeric status of Hyp(P). Loss of H,PO, was diminished in all
three peptides (Fig. 6, D—F). In the Tau peptides a loss of H;PO,,
was the major process in all three peptides regardless of the
isomeric status of Hyp(P) (Fig. 6, G—I). This means that neither
the position at the proline ring nor the stereoisomerism of the
phosphate group showed a clear influence on the fragmenta-
tion behavior of peptides. In fact, the sequence of the examined
peptides was the dominant factor in all cases. Thus, in case of
Hyp(P) in native a-cystallin A we could not determine neither
the position of the phosphate group on the proline ring nor the
conformation.

In summary, we identified for the first time Hyp(P) in a pro-
tein. So far, the identification of Hyp(P) in a protein by MS was
hindered by the fact that Hyp, Leu, and isoleucine show the
same mass differences in MS/MS analysis. Detection with a
Hyp(P)-specific antibody enabled us to focus our search on
a-crystallin A. Here, we could identify the sequence position of
Hyp(P). Nevertheless, it was not possible to determine the iso-
meric status of Hyp(P) by comparative MS/MS measurement.
For this purpose >'P NMR spectroscopy is still necessary.
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DISCUSSION

For the first time the presence and sequence position of
hydroxylated and phosphorylated forms of the common amino
acid Pro were identified in the native protein a-crystallin A in
eye and heart tissue of the rat. In addition, in some other mem-
bers of the crystallin family preliminary evidence for the pres-
ence of Hyp(P) was found. This was achieved initially by gener-
ation of a Hyp(P)-specific polyclonal antibody. Antibodies
against Ser(P) and Thr(P) are generally not specific enough to
detect a phosphorylated Ser or Thr side chain because this
epitope is too small. No antibody is known that can recognize
Ser(P) or Thr(P) in a sequence-independent manner. In con-
trast, antibodies against Tyr(P) are specific enough to detect
one phosphorylated Tyr side chain independently from the
amino acid sequence (18, 19). Similar to Tyr(P), the amino acid
side chain of Hyp(P) is sufficiently characteristic to gain amino
acid residue-specific antibodies within the polyclonal mixture
to detect Hyp(P) epitopes independently of the surrounding
amino acid sequence.

With the identification of Hyp and Hyp(P) in a-crystallin A,
new questions emerge. The enzyme that oxidizes Pro'® to Hyp
is still unknown. A comparison with vertebrate collagen
sequences suggests a modification of Pro*® by prolyl-3-hydrox-
ylase because Pro is located C-terminally of Gly. In conse-
quence, the observed Hyp ought to be trans-3-Hyp. Although
the isomer trans-4-Hyp was described at the C-terminal side of
Gly in annelid collagen (20), it is questionable that Pro'® in
a-crystallin A is hydroxylated by prolyl-3-hydroxylase or
prolyl-4-hydroxylase because crystallins are intracellular pro-
teins (21). The activity of both mentioned hydroxylases is asso-
ciated with the endoplasmic reticulum where they are required
for collagen biosynthesis (2). Apart from collagen a number of
other secreted proteins are hydroxylated on prolyl residues in
the endoplasmic reticulum (22). So far, only hypoxia-inducible
factor is known as intracellular protein modified on two prolyl
residues by hypoxia-inducible factor prolyl hydroxylases (23—
25). Here, both hydroxylated prolyl residues are located on the
C-terminal side of alanine. In Fasciola hepatica, a trematode,
secreted cathepsin L-like proteinases contain trans-3-Hyp res-
idues in different sequences: (i) Val-Hyp-Asp, (ii) Val-Hyp-Glu,
and (iii) Tyr-Hyp-Tyr (26). Another yet unknown hydroxylase
could be involved in hydroxylation of Pro'® in a-crystallin A.

The mechanism of phosphorylation of Hyp is also completely
unknown. A specific kinase was not described so far. There are
also no reports describing an unspecific phosphorylation of
Hyp by a kinase that is specific for a different hydroxyamino
acid. Alternatively, an enzyme-free phosphorylation of Hyp by
inositol pyrophosphate is imaginable. Until now, only the phos-
phate transfer to Ser by inositol pyrophosphate was proven
(27). However, this way of phosphorylation could be possible
for other hydroxyamino acids, too.

Among the ubiquitous crystallins, there are three groups of
proteins: a-crystallins, B-crystallins, and y-crystallins. a-Crys-
tallins (aA and aB) share 55% sequence similarity and immu-
noreactivity. The BA polypeptides are 63% homologous, and
the basic, BB, are 56% homologous. The <y-crystallins are
70 —80% homologous. The 3- and y-crystallins have a common
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FIGURE 6. MS/MS spectra of synthetic peptides. The spectra show the fragmentation patterns of the peptide dephosphorylation. Peptides A-C corresponded
to the short a-crystallin A sequence of the Hyp(P)-containing peptide. Peptides D-F had the same sequence but were elongated by an additional arginine at
the N terminus. Tau peptides G-/ corresponded to a completely different sequence (see Table 3). Peptides in the top row (A, D, and G) contained trans-4-Hyp(P);
peptides in the middle row (B, E, and H) contained trans-3-Hyp(P); and the peptides in the bottom row (C, F, and /) contained cis-4-Hyp(P).

evolutionary origin and share sequence and structural similar-
ities and immunogenicity. Thus, on sequence and structural
affinities alone, there are only two groups of proteins, the
a-crystallins and the 8/y-crystallins that characterize the mam-
malian lens (21).

a-Crystallins account for up to 50% of the total soluble pro-
tein of the ocular lens. There are two a-crystallins. a-Crystallin
A is 173 amino acids long, and a-crystallin B is 175 amino acids
long. oA is slightly more acidic than aB. These two proteins
exist in a ratio of three (aA) to one (aB) in the lens (21). In
rodents, an additional protein, aA™-crystallin is encoded in
the aA-crystallin gene through alternative splicing of the
“insert” (ins) exon that codes for 23 amino acids. These 23
amino acids are introduced into the a-crystallin A polypeptide
between amino acids 63 and 64. The aA™-crystallin is there-
fore 196 amino acids long (21). The sequence similarity of
a-crystallins to small heat shock proteins has led to the estab-
lishment of the a-crystallin family of small heat shock proteins
(sHsps), which share the a-crystallin domain (28 -30). The
a-crystallin domain is the primary sequence of the protein in
the C-terminal half of the sHsps (31, 32).

The a-crystallin aggregate in lens (containing both aA and
aB ata 3:1 ratio) is highly heterogeneous (300 —1000 kDa). Each
a-crystallin polypeptide has a molecular mass of about 20 kDa;
15-50 subunits thus make the a-crystallin aggregates. Both
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a-crystallins undergo post-translational modifications
(phosphorylation, aspartate racemization, deamidation, gly-
cation, and truncation) (33—-36). A number of models have
been proposed for the structure of the aggregate that con-
tains «A- and aB-crystallins, but these proteins remain to be
crystallized (37, 38). One sHsp member that has been crys-
tallized, the bacterial 16.5-kDa protein, reveals a highly sym-
metrical aggregate, composed of one homogeneous popula-
tion of structures (39, 40). This suggests that heterogeneity
in the a-crystallin aggregates results predominantly from
the N-terminal domain sequences.

The functional role of Hyp(P) in a-crystallin A and other
proteins remains elusive. At least the function of a-crystallin A
is known, and phosphorylation plays an important role in
the process (38, 41, 42). a-Crystallins A and B belong to the
sHsps and are involved especially in eye lens tissue in the
prevention of misfolding and aggregation of other proteins
(43—-45). Thereby they act as chaperones and protect the
cytoskeleton (46, 47). Possibly, the observed hydroxylation
and consecutive phosphorylation of Pro'® in a-crystallin A
are involved in these processes, too. The occurrence of
Hyp(P) in eye as well as in heart tissue suggests that the
phosphorylation of Hyp is not tissue-specific.

It would be desirable to know more Hyp(P)-containing pro-
teins and more sequence positions of Hyp(P). This would facil-
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itate the search for Hyp-specific kinases and the elucidation of
Hyp(P) function. Only one hint of Hyp(P) in a native protein
was reported before, in natSil-2, a silica-forming phosphopro-
tein in diatoms (48). However, the discovery of Hyp(P) in mam-
malian tissue of eye and heart as well as in diatoms points to a
widespread occurrence of Hyp(P).

Protein phosphorylation is mostly reported for Ser, Thr, and
Tyr. Consecutive phosphorylation of post-translationally gen-
erated Hyp and also Hyl is so far not in the spotlight. Maybe
Hyp(P) and Hyl(P) are more frequent than generally expected.
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