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1. Introduction

As the name suggests, this bis-amino acid is derived literally
by covalently linking the Nj,, of a histidine residue to Cf3 of
an alanine residue. Two regioisomers (T-HAL and m-HAL)
are possible (Fig. 1), depending on which nitrogen of the
imidazole is linked to the ‘Ala’ residue.
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Figure 1. Structure of HAL regioisomers.
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The histidinoalanine (HAL) protein crosslink was proposed
by Finley and Friedman in 1977.! A few years later, Fuji-
moto et al. were the first to isolate HAL from a protein
and characterize the molecule.” Both isomers have been
identified from a range of sources:

e milk products that have been heated and/or treated with
alkali;

e human tissues, including: connective tissue, bone, den-
tin, and eye cataracts;

e phosphoproteins of bivalve mollusks; and

e the theonellamides: a family of bicyclic dodecapeptides;
the first example of this crosslink in a well-defined
sequence.

In the early 1980s Fujimoto et al. published the isolation and
characterization of T-HAL.? Almost simultaneously, Sass
and Marsh reported NMR and mass spectrometric data for
both 7- and T-regioisomers.® Proton NMR data for the 7-
isomer are reported in Table 1. Sass and Marsh state that
‘chemical shifts are very sensitive to pD and care must be
taken in the comparison of spectra recorded at different
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Table 1. "H NMR data for -HAL. Double headed arrows and percentages
refer to NOEs reported by Fujimoto et al.?

H,N % COOH
3.4%

4
B%Q N
=
3N

H,N"G COOH

o/ppm” (J/Hz)

é/ppmb (J/Hz)

Assignment (integral)

3.38 (dd, 16, 7) 3.16 (d, 9) HB* (1H)
3.42 (dd, 16, 7) 3.18 (d, 5) HB® (1H)
423 (1, 7) 3.96-4.19 (m) Ho: (1H)
438 (t, 7) Ho! (1H)
4.78¢ 4.55 d, 5) HP' (2H)
7.54 (s) 7.09 (s) H5 (1H)
8.86 (s) 7.71 (s) H2 (1H)

* Ref. 2 (360 MHz, D,0, referenced to TSP as an external standard).

> Ref. 3 (90 MHz, D0, pD7, referenced to TSP as an internal standard).

¢ Overlapped with water signal; determined unambiguously via decoupling
experiment.

values of pD’.# Since Fujimoto et al. do not discuss pD, we
can probably conclude that this accounts for the significant
differences in chemical shift and peak shape. Indeed, on low-
ering the pD to 5.5, Sass and Marsh state that the Hoe and Hot'
signals were resolved into two triplets.

The proton NMR data for the 7t-isomer, as reported by Sass
and Marsh,** are summarized in Figure 2. More recently,
Henle et al. reported 'H NMR data for two synthetic com-
pounds that they presumed to be T-HAL and 7w-HAL. Their
spectra were recorded in DMSO-dg; they do not give the field
strength at which they ran the experiments. Assignments
were based on correlations in the TOCSY spectrum.

Fujimoto et al. reported NOEs between Ho!/ (of the ‘Ala’ res-
idue) and both H2 and H5 of the imidazole (Table 1); this
was taken as evidence for the T-regioisomer.” Henle et al. re-
ported similar NOE’s for the 7-isomer and a single positive
NOE between HB' and H2 for the 7-isomer.”

H,N 0 COOH

7.87 (s)H,
S B'4.55(d, J = 7 Hz)
396416 /N

(m, 2H) _
B3.32(d, J=6 Hz)
7.09 (s) Hs
H,N" & COOH

Figure 2. "H NMR data (D,0, pD 7, 90 MHz) of m-HAL.**
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Scheme 1. DCI fragmentation of HAL.
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Figure 3. '>°C NMR data of (a) -HAL and (b) m-HAL (D,O, pD 7,
22.5 MHz).

The *C NMR chemical shifts reported by Sass and Marsh™#
are summarized in Figure 3. In both compounds, there is
a notable downfield shift for CB’ (relative to Cp3 in Ala) since
it is directly attached to nitrogen. The resonances that vary
most between the two regioisomers (bold, Fig. 3) are Cf
(of the His residue) and C4 of the imidazole.

Boschin et al. have been the only group to address the fact
that each regioisomer is predicted to be a mixture of diaste-
reomers, varying in configuration at Ca. of the ‘Ala’ residue.®
Even at 600 MHz, they could not see any significant chem-
ical shift differences for the two diastereomers in the 'H
NMR spectrum. Unfortunately, they do not reveal the sol-
vent (or pH) in which their spectra were recorded, so it is
not possible to draw comparisons. Nevertheless, some peaks
were resolved in the '3C NMR spectrum and those are high-
lighted in Figure 4.

(a) (b)

H,N_* _COOH 139.93 HeN.x COOH
( 140.25~
138.25 N N7 N
Base— | 31.21
) Nj 327 Y,
141.21 124.47
141.24 14\ cooH 12478 H,N” “COOH

Figure 4. 3C NMR signals that are resolved for the two diastereomers ac-
cording to Boschin et al.: (a) the T-isomer and (b) the -isomer;® *=mixture
of Rand S.

Desorption chemical ionization (DCI) mass spectrometric
data for T-HAL and its trifluoroacetyl methyl ester derivative
were reported by Fujimoto et al.,> and also by Sass and
Marsh.>* The major fragmentations are illustrated in
Scheme 1. Both isomers behaved similarly.

[CeH1oN302]+ CF3CONH\[COOCH3
m/z 155 N
QO
N
CF3;CONH™ "COOCH;
T-HAL TFA methyl ester
derivative
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2. Mechanism of formation

A related crosslinking amino acid, lysinoalanine (LAL), was
first identified in 1964.” Bovine pancreatic ribonuclease was
reduced and the resulting thiols were derivatized as dinitro-
phenyl thioethers (Scheme 2). On treatment with alkali, the
eight derivatized Cys residues formed dehydroalanine.
Of these, three underwent conjugate addition to form
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Scheme 2. Generation of LAL from RNase.
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Scheme 3. Biogenesis of HAL.
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lysinoalanine. This was supported by the observation that
only 6.5 mol of Lys (of the eight in the original protein)
was evident in the amino acid analysis.

The mechanism for the formation of HAL has been pre-
sumed to proceed by analogy (Scheme 3). High levels of
phosphoserine in many of the proteins that contain HAL
(vide infra) suggest that B-elimination of phosphate is the
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Scheme 4. Steps leading to the production of nisin.
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likely source of dehydroalanine. Other species that might
give rise to dehydroalanine via B-elimination are cystine
and serine O-glycosides. Conjugate addition of one of the
imidazole nitrogen atoms of histidine to the dehydroalanine
forms HAL.

The formation of HAL has been presumed to be a base-
catalyzed, non-enzymatic process. However, there are en-
zymes known to dehydrate Ser and Thr to dehydroalanine
(Dha) and dehydroaminobutyric (Dhb) acid, respectively.
The enzymes associated with the biosynthesis of the lantibi-
otics have been studied in some detail.® In the synthesis of
nisin, eight B-hydroxyamino acids are dehydrated enzymat-
ically (Scheme 4). A second enzyme then catalyzes the
stereospecific and regiospecific additions of five Cys side
chain thiols to dehydroamino acids. The leader peptide,
which may be important for recognition by the enzymes
involved in this series of reactions, is then cleaved to give
nisin, containing five cyclic thioethers.

Itis entirely possible that enzymes may be involved in the gen-
eration of HAL in some instances. This is likely in the lens
crystallins where the pH is neutral and the precursor amino
acid is serine itself (cf., phosphoserine). The theonellamides
are another case where enzymatic intervention is likely.

3. Food products

Heat and alkali treatments are widely used in the processing
of protein-containing foods.® For instance, in the preparation
of soy protein concentrates, the beans are extracted with
aqueous alkali and then the protein precipitated at its isoelec-
tric point. Similar treatments are used in recovering proteins
from grains, oilseeds, and milk. Under the highly alkaline
conditions, where the side chain of lysine is present as its
free amine, significant levels of lysinoalanine (LAL) are
formed.

j)OOH y  COOH COOH  COOH

, N .

HoN™ 7 NH, HzN) 08 NH,
OAL LAN

Figure 5. Structures of other crosslinking amino acids.
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Scheme 5. Derivatization of dehydroalanine.
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Scheme 6. Synthesis of histidinomethylalanine (HMeAL).

2. 12 M HCI

Finley and Friedman postulated that dehydroalanine might
react with other amino acid side chain nucleophiles, includ-
ing His, Orn, and Cys to give HAL, ornithinoalanine (OAL)
and lanthionine (LAN), respectively (Fig. 5).! Lanthionine is
the bis-amino acid derived from dehydroalanine and cyste-
ine in the lantibiotics (Scheme 4). They synthesized these
putative crosslinking amino acids and demonstrated good
agreement in HPLC retention times with compounds in
a soy protein hydrolyzate.

Masri and Friedman developed a method for the indirect
detection of dehydroalanine in proteins.'® Formation of
a cysteine derivative, via conjugate addition (Scheme 5),
provides an amino acid that is stable and amenable to amino
acid analysis.

Fujimoto reported the formation of HAL in various proteins
upon heating at neutral pH (Table 2).!" The HAL content
was assayed by acid hydrolysis of the protein followed by
HPLC (two different solvent systems) and by two-dimen-
sional TLC on cellulose. In a bovine serum albumin (BSA)
sample, four residues of HAL were present in each protein
molecule after heating at 110 °C for 96 h. There was also
some evidence that the rate of HAL formation was tempera-
ture dependent. Fujimoto suggested that HAL crosslinks are
formed during cooking, both in home and in industry.

Table 2. Formation of HAL in heated proteins“'”

Protein Bovine Casein Ovalbumin Human Porcine Bovine
serum y-globulin pepsin tendon
albumin collagen

HAL formed 39.0 153 83 17.7 7.0 0.7

(nmol/mg)

# Experimental conditions: 10 mg of protein sample was heated at 110 °C
for 24 h in 1 mL of potassium phosphate buffer (0.1 M, pH 6.8).

Henle et al. performed amino acid analysis on the hydro-
lyzates of skim milk.> The major milk protein is casein, a
phosphoprotein. Their analysis involved ion exchange chro-
matography of the ninhydrin-derivatized hydrolyzate (and
standards) with detection at 440 and 570 nm. They were
able to isolate both regioisomers (7/7t ratio 8:1) from a se-
verely heat-treated milk sample. The isolated compounds
were then characterized by NMR. They demonstrated a linear
relationship between T-HAL concentration and the length of
time the milk samples were incubated at 100 °C, presumably
at neutral pH. They also identified HAL in a variety of milk
products, at levels ranging from 50 to 1800 mg/kg of protein.

In a subsequent paper, Walter et al. prepared histidino-
methylalanine (HMeAL, Scheme 6). Despite the availability
of this synthetic sample, they were unable to detect this analog
(derived from Thr instead of Ser) in the acid hydrolyzates

1. Ac-L-His-OH
0.2 M K3PO,

N
A 48h HsN___.COOH

,:I : |\3
N " ~COOH
I\\/\>7\
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of a variety of milk products. The detection limits were
20-30 pmol.'?

Fujii and Koboki reported the occurrence of HAL in lime-
processed Indian bone gelatin, presumably of bovine ori-
gin.!> Commercial gelatin, for use in the food industry, is
produced in a variety of ways, including highly alkaline con-
ditions (CaO, viz. lime-processing). Gelatin itself is derived
from denatured collagen, but other non-collagenous proteins
are known to be present in small amounts and these are
responsible for turbidity. These proteins were separated by
DEAE-cellulose chromatography and pepsin or trypsin di-
gestion. They were found to contain high levels of glycopro-
tein, rich in Asp, Glu, and Leu. The pepsin precipitate was
determined to contain HAL (8 residues per 1000) and LAL
(27 residues per 1000). The major monosaccharide appeared
to be galactosamine.

The effect of protein crosslinks on the nutritional value of
food is largely unknown. Certainly, covalent crosslinks
like HAL and LAL increase the stability toward proteolytic
enzymes, thereby making them more difficult to digest. They
also lead to a reduction in histidine and lysine, respectively,
which may have a nutritional cost.

Toxicity studies in rats have shown that feeding high levels
of alkali-treated protein leads to nephrocytomegaly, a dis-
order of kidney cells.'* This observation has been ascribed
to lysinoalanine. Two reports have appeared that have
attempted to correlate HAL levels with age.'”

Fujimoto reported that levels of HAL in urine range
from 1.330+27 nmol/mg creatine in newborn babies, to
0.77£0.23 nmol/mg creatine in children to 0.89+0.33 nmol/
mg creatine in adults.'® He proposed that the urinary HAL
was likely derived from proteoglycans.

4. Connective tissues

The aorta is the largest artery in the body. The ascending
aorta rises from the left ventricle of the heart, arches, and
then descends and branches into the thoracic aorta (above
the diaphragm) and the abdominal aorta (below the dia-
phragm). The aorta is elastic and the ability to expand is
important for blood pressure. As we age, this elasticity de-
creases. One of the possible contributions to this is excessive
crosslinking of the tissues.

Fujimoto investigated the levels of crosslinking amino acids
in human aorta tissue.'” Disease-free samples of aorta (nine
subjects ranging in age from 20 to 80) were obtained at

desmosine

Figure 6. Other crosslinking amino acids found in aortic tissue.

isodesmosine

autopsies, defatted, and dried. Acid hydrolysis of the tissue
was followed by chromatography, on a phosphocellulose
column, to separate the ‘mono’ amino acids (eluted with
0.1 M HCI). Histidinoalanine and the other crosslinking
amino acids (Fig. 6) were eluted with stronger acid.

The pool of crosslinked amino acids was TNT-derivatized by
treatment with 2.,4,6-trinitrophenylsulfonic acid at pH 8.'®
Presumably each primary amine in a crosslinking amino
acid is derivatized (Fig. 7) and the extinction coefficients
were taken into account to make comparisons. Okuyama
and Satake have demonstrated that the imidazole in histidine
does not react under these assay conditions.'® Analysis of
these derivatized amino acids was conducted by RP-HPLC
with UV detection at 350 nm. Levels of desmosine and
isodesmosine decreased slightly with age; pyridinoline in-
creased slightly and histidinoalanine increased by nearly
a factor of four over the age range. For a 66-year-old subject
it was estimated that HAL constituted 14 residues per 1000.

In order to pinpoint the origin of the histidinoalanine, they
treated the aortic tissue with elastase and collagenase prior
to amino acid analysis. Both enzymes were necessary to sol-
ubilize all the histidinoalanine, indicating that HAL is associ-
ated with both collagen and elastin. It was proposed that HAL
is an important crosslink between elastin and other proteins.

Hardening of the arteries involves calcification of the blood
vessel walls [deposition of hydroxyapatite, Caz(POy4),].
While the results above were derived from healthy aortic tis-
sue, Fujimoto and Yu wanted to see how the distribution of
these crosslinks was affected in the atherosclerotic disease
state."” They compared tissue from different parts of the
aorta of the same 64-year-old male and concluded that levels
of HAL were highest near the atheroma (yellow, flaky mate-
rial at the center of plaques) and atheroarterioschlerotic le-
sions. Comparison of samples from three other men with

NO,

Figure 7. TNT derivative of T-HAL.

NH
| SN COOH
% OH
OH
NH,
pyridinoline
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varying degrees of atherosclerosis also indicated that HAL
levels increased with the progression of the disease.

A much larger survey (aortic samples from 126 individuals)
was conducted in 1987.2° A linear correlation between age
and HAL content was confirmed for both medial (middle)
and intimal (innermost) layers of the aorta. The correlation
coefficients were better for the pool of individuals with no
evidence of atheroma or calcification.

Significant levels of HAL (>20 pmol/g in individuals over
60 years) were identified in costal cartilages;>! analysis
was conducted as described earlier. Costal cartilages connect
the sternum to the ends of the ribs and their elasticity permits
the chest to move during respiration. Treatment of the costal
cartilage of a 61-year-old subject with collagenase released
only a small amount of HAL, suggesting that it is present in
non-collagenous proteins. Fujimoto proposed that the bulk
of the HAL resides in proteoglycans that are abundant in
cartilage.

This hypothesis was tested in collaboration with Roughley,
by examining human articular cartilage (that surrounding
joints).?? Cartilage that appeared macroscopically normal
was obtained at autopsy, diced and extracted with 4 M gua-
nidinium chloride containing proteinase inhibitors. Proteo-
glycan subunits were recovered from the extract by cesium
chloride density gradient centrifugation, collecting fractions
with a density greater than 1.54 g/mL. Protein hydrolysis
and analysis were then performed as above. Pertinent results
are summarized in Figure 8.

Seyama et al. considered the changes in connective tissue
composition in various diseases associated with the heart.?3
The tissues of various samples were extracted and

14 4
12 4
c & 10+
§ 5 8] —e— protein component
(_g"‘% ‘ —a— HAL
© 9O 6
og
o 8 4 A
S
01 . . . . . . . ,
0 10 20 30 40 50 60 70 80
Age (years)

Figure 8. Variation in protein and HAL content of proteoglycan from arti-
cular canilage.21

. . . . . . 23
Table 3. Composition of connective tissue in various subjects

partitioned into three fractions: glycoprotein, collagen, and
elastin. There were at least five patients for each condition,
but due to small amounts of tissue available during surgery,
not all assays could be conducted for all patients. The data
summarized in Table 3 thus represent a small survey.

Levels of glycoprotein (as gauged by the major component,
sialic acid) and collagen (assessed by levels of hydroxypro-
line) did not show huge variations. The amount of elastin
was decreased in disease (Table 3). Moreover, crosslinking
is diminished, including a 3 to 5-fold decrease in the HAL
content of the connective tissue overall. The authors
proposed that reduced crosslinking makes the elastin more
susceptible to degradation, including that by endogenous
elastases.

The HAL content of mandibular bone in male rats (10 rats at
each of the following ages: 1 month, 3 months, 12 months,
and 24 months) was determined, by the analytical procedures
described earlier. Analysis was conducted after removal of

EDTA/NaCl extract

Ca?* precipitation

/

supernatant

gel | Sepharose
filtration CL-6B

Y

CL-lI

hydroxyapatite
Y

HAP-III

DEAE
cellulose

Y

DE-lI

M&S
RP-HPLC | 'c1s

Y
MS-I

Scheme 7. Isolation of MS-I.

Feature Units

Aortic regurgitation® (control) Marfan’s syndromeb Aortic aneurysm® Dissecting aneurysmd

Sialic acid content of glycoprotein fraction pmol/mg 34.1

Hyp content of collagen fraction png/mg 41.9
Purified elastin/elastin fraction wt % 322
Isodesmosine content of elastin fraction nmol/mg 13.8
Cys:Cys-Cys in elastin fraction % 8.82

HAL in dry tissue nmol/mg 14.6

39.3 24.5 30.8

39.2 39.6 39.3
8.47 27.7 24.0
3.49 3.38 3.83

19.8 12.8 22.7
3.17 4.85 3.73

? Defective valve between the left ventricle and aorta; left ventricle has to work harder to pump blood and becomes enlargened.
® Genetic disorder resulting in defective connective tissue; can manifest in the eyes, heart, skeletal system, skin, etc.

¢ Bulge in the aorta.

4 Tear in the inner layer of the aorta, a rare condition, usually in 6070 year old patients.
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all the tissues, demineralization, removal of teeth, and defat-
ting.* Levels were unchanged (~0.5 nmol/mg dry weight)
during the first 3 months of life. This doubled to ~1 nmol/
mg by 12 months and exceeded 2.5 nmol/mg by 24 months.
There was good agreement between specimens within each
age group. Shikata et al. suggested that HAL may serve as
a marker for the senescence of mandibular bone.

Kuboki et al. isolated a 24K phosphoprotein from bovine
bone that contained 1.2 mol of HAL per mole of protein.>
The protein was isolated via several steps involving different
types of chromatography (Scheme 7). At each step, the frac-
tion richest in HAL was pursued further in terms of homo-
geneity. The amino acid composition of the phosphoprotein
(MS-]) is depicted in Figure 9. The protein contains a high
population of acidic residues (or their amides). There are
a lot of serine and threonine and a significant amount of
phosphoserine. There are also high levels of lysine and argi-
nine. While the two crosslinking amino acids (HAL and
LAL) have been combined and account for less than 1%,
their presence is important. Interestingly, the ratio of HAL/
LAL invariably seems to be 3:1.

Asp/Asn
Glu/GIn
37%

Neutral
15%

Figure 9. Amino acid composition of MS-I, the phosphoprotein isolated
from bovine bone.”> Others: Pro (6.8%), His (2%), and HAL and LAL
(0.6%).

5. Dentin

The dentin matrix consists of about 90% type I collagen and
a smaller amount of non-collagenous proteins (NCPs) in-
cluding the phosphophoryns. Dimuzio and Veis described
the biosynthesis of two phosphophoryns in the rat incisor,
named o (first to elute from a DEAE-cellulose column)
and B (second to elute).® These phosphophoryns have a sim-
ilar amino acid composition to the bone phosphoproteins de-
scribed above: more than 35% of the total residues is Asp
and more than 40% is Ser or Ser”. Dimuzio and Veis injected
rats with [°H]-Ser intracardially. There was evidence of ra-
dioactivity in the phosphophoryns within 15-30 min, reach-
ing a maximum after 2 h that was sustained for 30 h. By
comparison, collagen showed a steady accumulation of
[H]-Ser and [*H]-Gly. They proposed that the phosphophor-
yns play a key role in directing mineralization, given their

localization and turnover at the mineralization front, in
conjunction with their high negative charge and affinity for
calcium ions.

In 1981, Fujimoto et al. first reported the presence of HAL in
the acid hydrolyzate of human dentin and bone collagens.?
They proposed that HAL, together with lysinoalanine, was
responsible for the insoluble nature of the collagens in calci-
fied tissues. However, a detailed investigation of HAL in
bovine dentin by Kuboki et al. revealed that HAL distributed
in the phosphoprotein fraction instead of the collagen frac-
tion (Table 4).%’

Kuboki’s group separated the collagen and phosphoprotein
fractions from the dentin of unerupted bovine incisors, by
precipitation of the phosphoprotein with calcium ions. The
phosphoprotein is divided into two fractions—that extract-
able into EDTA (free type) and that remained insoluble
(bound type). Amino acid analysis was performed according
to the Fujimoto protocol, with standards provided by
Fujimoto.

There appears to be a complex formed between the phospho-
protein and collagen; the ‘bound type’ representing an 80:20
phosphoprotein/collagen composition. The free-type phos-
phoprotein is considered as a precursor to this complex,
suggesting that covalent HAL and LAL crosslinks are
important in the assembly of the complex. Kuboki et al.
make the important point that there are no alkaline condi-
tions during the isolation of their phosphoprotein samples.
Thus, the crosslinks exist in the native protein and are not
artifacts of the protein processing.

Ibaraki et al. also isolated two forms of phosphoryn from
bovine incisor dentin and purified the major isoform
(110 kDa) by DEAE-Sephacel and Sepharose CL-6B
chromatography.?® They prepared a 95% dephosphory-
lated version by treatment with alkaline phosphatase.
They demonstrated that dentin phosphophoryn (DPP) is
more resistant to proteolytic degradation than dephos-
phorylated DPP. They observed that DPP is sensitive to
heat; presumably the degradation they observed at
100 °C is a result of dehydroalanine formation and subse-
quent events.

Cloos and Jensen performed a detailed study of the way in
which the amino acid composition of dentin phosphopro-
teins changes with age (Figs. 10 and 11).>° They looked at
dentin from 14 intact, permanent, human teeth, covering
an age range of more than 60 years; teeth from two cadavers
were included in the study. Amino acid analysis showed
that the collagen underwent little change vis-a-vis post-
translational modifications and racemization. The phospho-
proteins, on the other hand, showed five times as much

Table 4. Composition of bovine dentin®’

Fraction Yield of fraction (%) HAL" LAL?
Total insoluble dentin matrix 100 0.10 0.14
Collagen 99 <0.01 <0.01
Bound-type phosphoprotein 0.9 3.29 8.45
Free-type phosphoprotein 0.5 0.95 1.66

? Residues per 1000 amino acids.
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Figure 11. Variation in dentin His and T-HAL levels with age.zg

racemization of Asp and almost complete depletion of Ser”
over a lifespan.

Cloos and Jensen proposed that the analysis of Ser® and/or
HAL levels in dentin phosphoprotein might be useful in fo-
rensic applications, to estimate age at death. Teeth are good
target for such analyses since they are generally preserved
long after death.

6. Cataracts

The lens of the human eye contain ~38% protein (wet mass)
of which the water-soluble crystallins account for more than
90%. The high concentration and degree of organization of
a-, B-, and y-crystallin are vital to maintaining the refractive
index in the lens and thereby the focus aspect of vision.

With aging, a variety of post-translational modifications
contribute to the aggregation and crosslinking of the crystal-
lins. Srivastava et al. recently showed that Ser>® is converted
to dehydroalanine in the a-crystallin in the multimer com-
plexes of water-insoluble proteins.>® These modifications
lead to a reduction in water solubility. Lens crystallins do
not undergo normal protein turnover, so modified proteins

are retained throughout life. High levels of crosslinking
can lead to lens opacity, which we know as a cataract. Cata-
ract surgery involves replacement of the natural, damaged
lens with an artificial intraocular lens (IOL).

In 1968, Pirie examined variation in color and solubility of
lens proteins and thus helped to pinpoint the molecular
nature of the aggregation.’! She proposed a classification
system based on the color of the lens after extraction: Group
I (pale yellow) through to Group IV (dark brown/black, also
knows as cataracta brunescens). Group I and Group II lenses
were largely soluble in 6 M guanidinium hydrochloride
after several hours at room temperature, implying that the
disruption of hydrogen bonding was accomplishing solu-
bility. Some materials remained insoluble in Group III
lens; most of this could be solubilized by incubation with
dithiothreitol. Thus, reduction of disulfide linkages was
leading to ‘resolubilization’. However, in Group III, and
more so in Group IV, some insoluble materials persisted—
suggesting the presence of crosslinks other than disulfide
bridges.

In 1987, Kanayama detected HAL in human cataractous lens
proteins.?? Cataractous lenses from 14 eyes were obtained
from patients aged 54-91. Four ‘normal’ lenses were ob-
tained from recently diseased corpses. The lenses were
analyzed for HAL as described above for other tissues
(hydrolysis, TNT derivatization, and HPLC analysis). The
mean values are illustrated in Figure 12, corroborating
Pirie’s observation that such crosslinks occur only in ad-
vanced stages of cataract growth.

More recently, Linetsky re-examined the occurrence of ‘de-
hydroalanine crosslinks’ in human lens (viz., LAL, HAL,
and LAN).33 They state that ‘separation of 2,4,6-trinitroben-
zene sulfonic acid-derivatized crosslinks by Kanayama’s
method resulted in the co-elution of all three crosslinks in
one peak’. They go further, to suggest that Kanayama
et al. effectively determined the total crosslinks in the lens,
not HAL specifically. They were able to resolve the three
bis-amino acids via their dansyl derivatives (e.g., Fig. 13).
Their HPLC analysis utilized electrospray mass spectrome-
try as the mode of detection. Furthermore, LC-MS-MS was
used to compare fragmentation patterns of authentic samples
with the sample derived from the water-insoluble, catarac-
tous lens proteins. Two peaks were observed for HAL, pre-
sumably the 7- and m-regioisomer. Lysinoalanine (LAL)
was absent in normal lens proteins and only trace amounts

HAL content
(nmol/mg)
N
1

0 -

o A 2 ) A
o O‘°°Q G‘O\)Q 0‘0\& O‘°°Q

Condition of lens

Figure 12. HAL content in human lens.
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Figure 13. Dansylated T-HAL.

were found in cataractous lens proteins (picomolar range).
This is not surprising, given the neutral pH of the lens and
that the pK, of the e-NH3 group of lysine is 10.53. Only
a small fraction of the g-amino group is present as a free,
nucleophilic amine under these physiological conditions.

By comparison, the imidazole of histidine has a pK, of 6.0

and significantly elevated levels of this crosslink are found
in proteins derived from cataractous tissue (Table 5).

Table 5. Levels of HAL (nmoles/mg protein) in lens proteins33

Protein fraction Normal Cataractous
Water-soluble 0.26+0.06 1.68+0.75
Water-insoluble 0.2640.06 0.73+0.17

Another consequence of the aging lens is an increase in fluo-
rescence. It has been suggested that this arises from changes
in the crystallins, specifically reaction of kynurenine (an ox-
idative degradation product of tryptophan) with His (Scheme
8) or Cys, and Lys, to a lesser extent, for the reasons outlined
above.**

7. Phosphoproteins of bivalve mollusks

Phosphoprotein particles (PPPs) are discrete structures about
40 nm in diameter that occur in the extrapallalial fluid (EF),
hemolymph, and innermost shell lamella (ISL, a single con-
tinuous layer forming the entire inner surface of the shell).
PPPs do not occur in the bulk shell. These particles are iso-
lated by cutting the adductor mussel (that joins the two
shells), removing the animal, and draining the fluid from
the tissue.>® The fluid is centrifuged to remove cells and
then filtered (5 pum, then 0.45 um) to remove particulate
matter. The PPPs are sedimented by centrifugation and
washed with water.

.
O NH; o)

2
kynurenine

Scheme 8. Formation of histidine—kynurenine conjugate.

2
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Demineralization (removal of Ca®*, Mg?*, and inorganic
phosphate ions) is achieved by treatment with EDTA.3¢
This breaks ionic crosslinks between subunits to give mate-
rial that is less compact and less viscous.

At this stage, the protein can be partitioned into a low molec-
ular weight fraction (supernatant) and a high molecular
weight fraction (pellets) by centrifugation.?” The low molec-
ular weight fraction accounts for about 8% of the protein.
The subunits are non-identical, and have similar charge den-
sity but different molecular weights. Agarose gel electropho-
resis reveals four major bands that appear to be monomer
(139 kD), dimer, trimer, and tetramer. The monomer units
are joined together by covalent crosslinks, shown to be his-
tidinoalanine residues (Fig. 14).

Acid hydrolysis of the phosphoproteins and amino acid
analysis have revealed high levels of aspartic acid, serine
and/or threonine (largely phosphorylated), histidine, and his-
tidinoalanine.>*3> These amino acids account for 90-95% of
the amino acid component of the PPPs. Ammonia analysis
indicates that ~10% of the Asp residues are in fact Asn
residues. Other amino acids that occur in lesser amounts
include lysine and glycine.>>

Sass and Marsh were the first to identify the m-isomer of
HAL.? They separated the monofunctional amino acids
from the bis-amino acids on Dowex 50W-X8 (200-400
mesh, H* form). The bis-amino acids came out later, on in-
creasing the acidity of the eluant. The two regioisomers were
then separated on the same resin, eluting with a sodium
citrate buffer. The ratio of T-HAL to -HAL was 3:1.

Sass and Marsh conducted a survey of the occurrence of
PPPs in various bivalves including Heterodonts (clams,

Q

O phosphoprotein monomer

@ ca?ion
O inorganic PO, ion

= covalent HAL crosslink

------ ionic crosslink

$ o

Figure 14. Schematic representation of the structure of the low molecular
weight fraction of phosphoprotein particles.
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cockles) and Pterimorphs (oysters, scallops, and mussels).>®

They concluded that all Heterodont species produced PPPs
but the particle concentration varied, even between individ-
uals of the same species. They did not find PPPs in any other
subclass of Bivalvia.

It is also interesting to note that ‘the phosphoprotein parti-
cles of all species are glycoproteins’.>> Glucosamine, galac-
tosamine, glucose, mannose, and fucose were identified in
the hydrolyzates of PPPs from Rangia cuneata, accounting
for 10% of the glycoprotein by weight. No attempt has
been made to pinpoint the sites or patterns of glycosylation.

Waite and Qin described the isolation and characterization
of a polyphosphoprotein (Mefp5) from the adhesive pads
of Mytilus edulis (edible blue mussel).>® This 74-residue
protein has a mass of 9500 Da and the major amino acids
are Gly (15 residues, 20.7%), DOPA (19 residues, 25.5%),
and Lys (15 residues, 19.5%). There are lesser amounts of
Ser (eight residues of which seven are typically phosphory-
lated, 10.8%) and His (five residues, 6.5%). It is possible that
HAL crosslinks form in this protein.

In summary, histidinoalanine plays an important role in
mineral binding in these mollusks, since its crosslinking
role influences the quaternary structure of the PPPs. It is
not clear how the PPPs (containing phosphate anions) partic-
ipate in the deposition of the shell that consists of calcium
carbonate.

8. Theonellamides

The theonellamides (Fig. 15 and Table 6) are a family
of bicyclic peptides, characterized by a bridging

Table 6. The theonellamides

Figure 15. Theonellamide F.

T-histidinoalanine residue. Some members of the family are
further embellished by a monosaccharide (designated as S
in Table 6) that is covalently linked to the 7t-nitrogen of
the T-HAL residue in the form of a glycosylimidazolium ion.

These complex natural products were isolated from marine
sponges of the genus Theonella and characterized by the
groups of Fusetani®® and Faulkner*! between 1989 and
1998. At the time of isolation, the compounds were reported
to inhibit the growth of prototypical fungi (species of Can-
dida, Trichophyton, and Aspergillus) and Fusetani’s group
reported cytotoxicity against P388 murine leukemia, with
IC5( values ranging from 0.9 (theonellamide E) to 5.0 (the-
onellamide A) pg/mL.

Matsunaga et al. determined the absolute stereochemistry of
the T-HAL residue from theonellamide F by degradation
(Scheme 9).#%% Oxidative cleavage of the imidazole ring
yields 1 equiv each of 2,3-diaminopropionic acid (Dpa)

Amino acid Theonellamide congener

A B C D F Theonegramide Theopalauamide
AAl allo-Threonine
AA2 Serine
AA3 Phenylalanine
AA4 Apoa Apoa Aboa Aboa Aboa Aboa Apoa Apoa
AAS Serine
AA6 Asparagine
AA7 (25,3R)-3-Hydroxyasparagine
AAS BMPA BMPA Phe BPA BPA BPA BMPA BMPA
AA9 Iser B-Ala B -Ala B-Ala B-Ala B-Ala Iser Iser
AA10 Ahad Ahad Ahad Ahad Ahad Ahad AAA AAA
S (sugar) B-p-Gal — — B-L-Ara B-p-Gal — B-D-Ara B-p-Gal

Abbreviations: AAA=o-aminoadipic acid; Aboa=(5E,7E)-3-amino-4-hydroxy-6-methyl-8-p-bromophenyl-5,7-octadienoic acid; Ahad=o-amino-y-hydr-
oxyadipic acid; Apoa=(5E,7E)-3-amino-4-hydroxy-6-methyl-8-phenyl-5,7-octadienoic acid; Ara=arabinose; BMPA=f-methyl-p-bromophenylalanine;

BPA=p-bromophenylalanine; Gal=galactose; Iser=isoserine.
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Scheme 9. Degradation of theonellamide F by Matsunaga et al.

and L-aspartic acid (Asp). These were derivatized and ana-
lyzed by chiral GC-MS. The isolation of L-Asp was an indi-
cation of L-His in the natural product. The Dpa was less
clear-cut; it appeared that epimerization was taking place
during the acid hydrolysis. This was corroborated by the
fact that different results were obtained when hydrolysis
was conducted under milder conditions. The major enantio-
mer of Dpa was D, signaling that this was the natural config-
uration in the intact natural product.

In their subsequent paper, where they revealed the structures
of theonellamides A—E, Matsunaga and Fusetani confirmed
this stereochemical assignment by derivatization of the di-
aminopropionic acid from the mild acid hydrolyzate with
both enantiomers of Marfey’s reagent (Scheme 10).4%° Pre-
sumably, both primary amines of Dpr react in the nucleo-
philic aromatic substitution reaction to give the bis-Marfey
adducts depicted. All four compounds were chromatograph-
ically resolved and confirmed the previous assignment.

Faulkner et al. reached the same conclusions about the abso-
lute configuration of the two stereocenters in T-HAL in the-
onegramide and theopalauamide, although their analysis
was slightly different (Scheme 11). They degraded the
imidazole via ozonolysis and derivatized the amines as
pentafluoropropionamides. They did not detect any L-amino-
propionic acid in their analysis, implying that their degrada-
tion and derivatization did not lead to epimerization of
this residue.

Compounds isolated from sponges often display structural
similarity to microbial metabolites and so it is presumed
that they arise from symbiotic microorganisms living within
the sessile marine organism. The theonellamides are a rare
case for which evidence has been provided for this hypo-
thesis. In 1996, Bewley et al. reported the identification of
four distinct cell types present in Theonella swinhoei from
Palau;*? they demonstrated that theopalauamide occurred
only in the filamentous heterotrophic bacteria. Subsequent
studies showed that the bacteria belong to the 3-subdivision
of proteobacteria and the taxonomic status ‘Candidatus
Entotheonella palauensis’ was proposed.*

Watabe et al. have studied the behavior of theonellamides A
and F in a variety of cell types. They reported that theonell-
amide F induced vacuole formation in 3Y1 rat embryonic
fibroblasts.** The theonellamide F-induced vacuoles contain
an ATPase and thus maintain a slightly acidic pH. The

COOH

COOH

KMnO,4/NalOy,

HoN
5 min, RT j/
_—

H,N HOOC
o0+ )
H,N~ “COOH

L-Asp

1. HCI, MeOH
2. (CF4C0),0

MeOOC

S ¢

CF;CONH

CF,CONH__COOMe

CF3CONH COOMe

formation of vacuoles (fluid-filled compartments in the cyto-
plasm) is a well-known marker of microbial activity. The
theonellamides are the first low molecular weight com-
pounds demonstrated to induce extraordinarily large vacu-
oles. Surprisingly, they do not kill the cells, suggesting the
potential as good molecular probes to investigate intracellu-
lar membrane structures.*’

Wada et al. have established that theonellamides A and F bind
to two enzymes from rabbit liver: 17p-hydroxysteroid dehy-
drogenase IV and glutamate dehydrogenase (Scheme 12).%6
Theonellamide F activates the conversion of a-ketoglutarate

to glutamate, but has no effect on the reverse reaction.

O, N02
N\L/CONH2 L CONH2
N.L HN D NN
HooC NO, HOOC NO,
L_CONH, H.L_CONH,
NO, H NO, H
NO,

CONH
~7 2 | "[-Marfey's reagent”

O,N
F
HzNj/COOH
H,N~ Dpa
H D _CONH,
T "D-Marfey's reagent"
02N
F
H
N\‘D/CONHz N D CONH2
O,N + OoN
HN_L HN D
ONH
HOOC NO, HOOC NO,

D_CONH, D_CONH,

NH
fo. T for T

Scheme 10. Marfey analysis of Dpa derived from T-HAL.
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Scheme 11. Determination of T-HAL stereochemistry by Faulkner et al.
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Scheme 12. Modulation of enzyme activity.

9. Synthetic efforts

As noted in Section 1, Finley and Friedman were the first
to propose the existence of HAL. In their 1977 paper,
they prepared crosslinking amino acids from methyl

- +
HN\/)HO 1. 10 equiv. HoN._COOH
Ac-NH__COOMe -
N
HN, O T oy
Cu N

o ”'NH 2. H,S
3. Dowex H*

N
HsN~ > COOH
o

Scheme 13. Finley and Friedman’s approach to HAL.'

+

HaN.__COOH
1. aq. NaOH N,
Ac-NH.__COOH Ac-NH__COOH "50°C 44 ¢ J/
B + - =
N S W 2. HCI,110°C N
¢ 16 h
/ +
HN HsN~ >COOH

Scheme 14. Fujimoto’s synthesis of HAL.>

Ac-NH__COOH  Ac-NH__COOMe
+

1. aq. KOH (pH 9)
90°C,24 h

2-acetylaminoacrylate according to Scheme 13.! The nucleo-
philic side chain functionality (7-NH in the case of His)
was assumed to undergo a conjugate addition. The resulting
bis-amino acid was decomplexed from copper and purified
by ion exchange chromatography. No characterization data
were provided, other than HPLC traces and retention times.

Likewise, Fujimoto et al. prepared HAL in order to provide
an authentic sample for their amino acid analysis (Scheme
14).2 They used the free acid rather than the methyl ester
of 2-acetylaminoacrylic acid. The HAL produced was puri-
fied by phosphocellulose chromatography and proton NMR
data were reported (vide supra). They observed an ‘impurity’
in the NMR of their synthetic HAL and they attributed this to
a small amount of the Tt-isomer.

The first synthesis with full experimental details was pub-
lished by Henle et al. in 1993. They used equimolar amounts
of the two reactants to produce a mixture of the 7- and 7t-iso-
mer (Scheme 15). The regioisomers were separated on
Dowex 50W-X8 (H* form) eluting with 0.35 N sodium cit-
rate (pH 5.35) with subsequent desalting. The two com-
pounds were characterized by proton NMR.

Boschin et al. conducted their synthesis via the same general
procedure as Henle.® However, they reported that lower tem-
peratures and longer reaction times for the conjugate addi-
tion step were beneficial to the yield of the reaction. After
10 days at room temperature (0.3 N NaOH) they isolated a
5:2 mixture of 7- and m-HAL in 94% overall yield. They
claim to have isolated and separated these regioisomers by
flash chromatography on silica gel, eluting with 5:4.5:1:0.5
MeOH/CH,Cl,/H,O/NH3.

Tohdo et al. published several reports toward the total syn-
thesis of theonellamide F.*’ As such they required a stereo-
selective synthesis of HAL, i.e., not a mixture of
diastereomers, as is inevitable from the conjugate addition
reactions described above. They employed a [-lactone
derived from D-serine and thus controlled the configuration
at both stereocenters. They still obtained a mixture of

+ +
HsN._COOH  HsN._COOH

i

Scheme 15. Henle’s synthesis of HAL.?

3. Dowex H*

N
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Cbz-NH 0 + BocNH__COOMe 1. MeCN

\Eo( :

Scheme 16. Tohdo’s synthesis of L-histidino-p-alanine.

regioisomers but the fert-butyl esters could be readily sepa-
rated (Scheme 16).47%f

10. Summary

Histidinoalanine is a protein crosslink that has been identi-
fied in a range of proteins from diverse sources. The linkage
can be generated in vitro, as is the case in food processing.
Under alkaline and/or thermal conditions that promote elim-
ination of phosphate from phosphoproteins, dehydroalanine
is generated. Under highly alkaline conditions, lysinoalanine
is the major player. At lower pH, where lysine residues are
protonated, histidinoalanine and lanthionine dominate the
pool of crosslinks. While concern has been expressed about
the nutritional impact of these crosslinks, there is little doubt
that pasteurization of milk and the isolation of proteins by
alkaline extraction are well established processes that appear
overall to be beneficial to human health.

Some of the early literature erroneously reported the occur-
rence of HAL in collagen. This misconception arose because
of the difficulty in separating the various proteins in tissue.
More weight must necessarily be given to more recent re-
ports where modern purification and analytical methods
have been applied to ensure that results relate to relatively
homogenous materials.

There can be little doubt that phosphoserine and histidine are
the amino acid precursors to HAL in phosphoproteins. These
proteins are negatively charged, due to their phosphorylation
and high levels of acidic amino acids. The function of these
proteins—in connective tissue, bone, dentin, and mollusks—
seems to be related to calcium mineralization. Is HAL an arti-
fact, or does it play a more important role? Certainly, in the
case of the proteins derived from bivalve mollusks, HAL has
been identified as the covalent crosslink between protein
monomers. There appears to be a correlation between HAL
levels in some human tissue with age and with heart disease.

The occurrence of HAL in advanced eye cataracts seems
mechanistically and functionally different to the phospho-
proteins. The precursor amino acid in the crystallins is un-
modified serine and the medium of the lens is neutral in
terms of pH. It seems likely that severe crosslinking and/or
formation of large crystallin aggregates contribute to the
insolubility and opacity of the lens.

The theonellamides are an architecturally fascinating family
of molecules. While a number of biological activities have
been reported, it is unclear what their role is in the bacte-
ria/sponge symbiotic relationship. In terms of their biogene-
sis, it is tempting to suggest that the theonellamides are the
histidine analogs of the lantibiotics.

_—
2. iPrNH-C-0'Bu

N 2 i
H{lj/ N'Pr

Boc-NH._COOBu

</Nj/: Cbz-NH> Boc-NH.__COO'Bu
Y
Cbz-NH /N + 1BuOOC (N/
o \

'BUOOC  (40%) N7 219%)

It is hoped that this review has collected together the dispa-
rate reports of histidinoalanine over the past 30 years and
tried to organize it in a way that presents the existing knowl-
edge and suggests some common themes and purposes for
this under-appreciated bis-amino acid.
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