would suffice to perform quantum simula-
tions of multidimensional fermionic systems
such as the Hubbard model that have
proved resistant to conventional computa-
tional techniques. Hundreds to thousands
of bits may be required to simulate accurate-
ly systems with continuous variables such as
lattice gauge theories or models of quantum
gravity. Current quantum logic devices can
perform operations on two quantum bits
(23, 24, 26); however, ion-trap quantum
computers with a few tens of quantum bits
apparently require only minor modifica-
tions of current technology (24). Although
a quantumn, simulator with three or four
quantum bits would be too small to solve
classically intractable problems, it would
still be large enough to test many of the
ideas presented here. As suggested in (13),
such simulators would also be able to create
and test the properties of exotic quantum
states such as Greenberger-Horne-Zeilinger
states. Another possibility (13) is that by
modulating the interactions between spins,
atoms, or quantum dots in large arrays (41),
one could perform massively parallel quan-
tum simulations involving many quantum
systems at once. The wide variety of atomic,
molecular, and semiconductor quantum de-
vices available suggests that quantum sim-
ulation may soon be a reality.
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A Crosslinked Cofactor in Lysyl ‘
Oxidase: Redox Function for
Amino Acid Side Chains

Sophie Xuefei Wang, Minae Mure,* Katalin F. Medzihradszky,
Alma L. Burlingame, Doreen E. Brown, David M. Dooley,
Alan J. Smith, Herbert M. Kagan, Judith P. Klinmanf

A previously unknown redox cofactor has been identified in the active site of lysyl oxidase
from the bovine aorta. Edman sequencing, mass spectrometry, ultraviolet-visible spec-
tra, and resonance Raman studies showed that this cofactor is a quinone. Its structure
is derived from the crosslinking of the e-amino group of a peptidyl lysine with the modified
side chain of a tyrosyl residue, and it has been designated lysine tyrosylquinone. This
quinone appears to be the only example of a mammalian cofactor formed from the
crosslinking of two amino acid side chains. This discovery expands the range of known
quino-cofactor structures and has implications for the mechanism of their biogenesis.

Lysyl oxidase (LO, E.C. 1.4.3.13) is an
extracellular, matrix-embedded protein. It
has a central role in the biogenesis of con-
nective tissue by way of posttranslational
oxidative modification of the e-amino
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group of lysine side chains in elastin and
collagen to form inter- and intrachain
crosslinks (I, 2). The physiologic impor-
tance of LO is well established. Decreased
LO activity is observed in diseases of im-



paired copper metabolism, as found in the
human type IX Ehlers-Danlos syndrome
and Menkes’ syndrome, both of which are
chromosome X-linked, recessively inherit-
ed disorders. Increased LO activity is asso-
ciated with some fibrotic disorders such as
atherosclerosis, hypertension, and liver and
pulmonary disease. An understanding of the
biogenesis, structure, and mechanism of LO
should aid in the development of chemo-
therapeutic agents for the control of fibrotic
diseases (3).

LO is considered a member of the copper
amine oxidase (CAQ) family because of its
requirement for protein-bound copper and
the nature of the reaction it catalyzes.
CAO:s catalyze the oxidative deamination
of amines to aldehydes, concomitant with
the reduction of dioxygen to hydrogen per-
oxide and the release of ammonia (Eq. 1):

RCH,NH, + O, + H,0 —
RCHO + NH, + H,0, (1)

The nature of the covalently bound co-
factor in the CAOs had been the subject of
speculation for several decades (4). In 1990,
Janes et al. demonstrated unambiguously that
the elusive cofactor was topa quinone (TPQ,
Fig. 1A) (5), which was subsequently dem-
onstrated to be derived from tyrosine (6).
Although structurally very different from an
earlier described quino-cofactor, pyrrolo-
quinoline quinone (PQQ, Fig. 1B), the find-
ing of TPQ in bovine serum amine oxidase
extended the evidence for quino-cofactors
from prokaryotes to mammalian systems.
Shortly thereafter a third quino-structure de-
rived from tryptophan, tryptophan trypto-
phylquinone (TTQ, Fig. 1C), was demon-
strated in a bacterial amine dehydrogenase
(7). From such findings, a family of “quino-
proteins” can be defined to represent en-
zymes that use quinones as cofactors, where
these cofactors may be either covalent spe-
cies derived from amino acid side chains
(TPQ and TTQ) or freely dissociable species
(PQQ) (8). Thus far, only TPQ has been
found to be ubiquitous, occurring in bacteria,
yeast, plants, and mammals (9).
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The relation of LO to the other CAOs
has been the subject of considerable study
and speculation. Both redox cycling assays
(10) and enzyme inhibition patterns (11,
12) indicate that LO contains a quinone-
like structure at its active site. Resonance
Raman studies of a COOH-terminal, cyano-
gen bromide cleavage product indicated
spectral similarities to PQQ (13). In light of
the finding of TPQ in a wide range of
CAQO:s, the presence of TPQ in LO appeared
more feasible. However, the large size differ-
ential between LO and other amine oxidases
(9), as well as the fact that the TPQ con-
sensus sequence (14) is absent in LO (15),
raised the possibility of a different cofactor
existing in LO. We have now isolated and
characterized an active site, cofactor-con-
taining peptide from bovine aorta LO. In-
vestigation of this peptide by a combination
of Edman sequencing, mass spectrometry,
and resonance Raman spectroscopy indi-
cates a type of quino-cofactor, previously
undescribed, that is derived from the
crosslinking of a modified Tyr to the €-ami-
no group of a lysyl side chain.

Protein isolation, proteolytic diges-
tion, and characterization of peptides. LO
was isolated from calf (2-week-old) aorta
by a modification of a previously described
procedure (16). A typical preparation of
LO yielded about 5 mg (starting with
about 500 g of aorta tissue). To minimize
protein loss, we stopped purification after
the stage where LO (32 kD) coeluted with
a second protein (24 kD) from Sephacryl
S-200 gel filtration. Further purification
to eliminate this second protein resulted
in partial loss of LO activity. The prepa-
ration of LO (referred to as two-banded
material) was labeled with ['*Clphenylhy-
drazine to yield the expected chromophore
(at about 450 nm) for a phenylhydrazone
derivative of a quinone structure (17).

a2 2
—N—CH—C— —N—CH—C— COCH
H H O HOOC  HN—
CH, CH, «
o HO Z |
S X,
HOOC” N (o
o o S
OH 0
A B
o o

Fig. 1. Structures of the quinone cofactors: (A)
topa quinone ( TPQ), (B) pyrroloquinoline quinone
(PQQ), (C) tryptophan tryptophylquinone (TTQ),
and (D) lysine tyrosylquinone (LTQ).
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Analysis of the '*C-labeled protein by SDS—
polyacrylamide gel electrophoresis (SDS-
PAGE) showed almost exclusive incorpora-
tion of '*C into the 32-kD LO band (Fig. 2).
Because selection of active site—derived pep-
tides from LO was dependent on screening
for *C, we concluded that the unreactive
24-kD band would not contribute to subse-
quent procedures. Previous studies suggested
that protein bands of 22 to 24 kD, copuri-
fying with LO, are either degraddtion prod-
ucts of LO (18) or a contaminating matrix
protein that elutes with LO in the course of
purification (19).

The labeled protein was subjected to
proteolytic digestion. Initially, a range of
proteases and experimental conditions was
examined. Thermolytic digestion of re-
duced and carboxyamidomethylated LO (or
carboxymethylated LO in early procedures,
such as that in Table 1) in the presence of
3 to 4 M urea was found to be the most
acceptable procedure, giving a dominant
['*Clpeptide peak under conditions of ana-
lytical high-performance liquid chromatog-
raphy (HPLC) (20).

Ultraviolet-visible (UV-Vis) monitor-
ing of the HPLC elution profile of a ther-
molytic digest of the ['*C]phenylhydrazine
derivative of LO showed a large number of
peptide peaks at 214 nm, together with a
single dominant peak at 438 nm reflecting
the phenylhydrazone (at 36 to 37 min)
(21). In all instances, the '*C radioactivity
in peptide fractions was found to coincide
with the 438-nm peaks. The peptide frac-
tion eluting at 36 min was subjected to a
second HPLC purification step before fur-
ther analysis. The yield of this dominant
438-nm peak was 20 to 30 percent, esti-
mated by comparing the radioactivity in
the lyophilized peptide fraction with the
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Fig. 2. Incorporation of 'C-labeled phenylhy-
drazine in the two-banded (32-kD) LO protein. The
desalted, labeled protein was separated by SDS-
PAGE. (Left) The stained protein gel was cut into
16 slices according to the position of the protein
bands (indicated by the numbers next to the gel).
The gel slices were then dissolved in 1 to 5 ml of 2
percent periodic acid solution, and radioactivity in
the solution was counted. (Right) The radioactivity
in each gel slice.
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total radioactivity in the proteolysis solu-
tion before HPLC purification. Integra-
tion of radioactivity in all fractions dis-
playing 438-nm absorbance indicated
close to 100 percent recovery of *C from
the HPLC column.

The Edman sequencing result of a car-
boxymethylated thermolytic peptide iso-
. lated under the above conditions revealed
two amino acids in early rounds of se-
quencing (Table 1). The recovery suggest-
ed the presence of two peptides. Compar-
ison of the sequence determined (from
bovine aorta) with the available cDNA-
derived LQ protein sequence (from rat
aorta) (I5) showed that both peptides
(identified as peptides 1 and 2) were
present in the protein (Table 1). Compar-
ison of cDNA-derived sequences for LOs
isolated from different sources indicates a
high degree of conservation (22), with
more than 93 percent identity among the
217 amino acids from the COOH-termi-
nal region. In our sample, only single ami-
no acids were detected in cycles 2, 4, and
6, and no amino acid was recovered at
cycle 9 (Table 1). In the longer peptide
(identified as peptide 1), the expected Ser
at cycle 2 was indistinguishable from the
background in the sequence analysis. This
is not unusual when Ser occurs early in a
sequence analysis. The blank at cycle 9
corresponds to a Tyr in the cDNA-derived

Table 1. Edman sequencing of the thermolytic
peptide.

Thermolytic cDNA-derived*
peptide protein sequence
Cycle
Amino acidsT Peptide  Peptide
in each cycle 1 2
1 Multiple Leu34 Val309
2 Ala Ser Ala
3 Pro Glu Pro v Glu
4 Gly Gly Gly
5 cmCys# His  Cys His
6 Tyr Tyr Lys314
7 Asp Ala Asp Ala
8 Thr Ser  Thr Ser316
98 Tyrd49
10 Asn Ala
11 Ala Glu Ala
12 Asp Asp
13 lle lle
14 Asp ) Asp
15 (cmCys) Cys
16 (GlIn) GIn®%6

*The numbers are the residue numbers for the cDNA-
derived protein sequence for rat LO (75). 1The amino
acids in each cycle are ordered for comparison with the
cDNA-derived sequence so that they correspond to pep-
tides 1 and 2, respectively. Thus, their appearance in each
cycle (from left to right) is not necessarily related to yield.
The yield of amino acids in cycles 2 to 16 ranged from 86
pmol to about 1 pmol, respectively. The amino acids that
gave low signals are shown in parentheses. tcmCys rep-
resents carboxymethylated Cys residue. §A blank ap-
peared at this cycle in Edman sequencing.
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sequence. Gly was expected in both se-
quences at cycle 4, and the anticipated Lys
at cycle 6 at peptide 2 was missing. Two
possibilities emerged; either an active site
peptide with a crosslink between the Tyr
of peptide 1 (at cycle 9) and the Lys of
peptide 2 (at cycle 6) had been isolated
from LO, or a mixture of unrelated pep-
tides had been copurified. Because analysis
of purified active site peptides isolated
from different digestion pools showed the
same pattern of two sequences, we favored
the former explanation.

We next designed a strategy to reduce
the size of the dominant thermolytic pep-
tide, with the expectation that this would
facilitate its separation from any contami-
nating peptide. Further digestion of the
thermolytic peptide with Asp-N endopro-
teinase (23), a specific protease that cleaves
to the NH,-terminus of Asp residues, led to
a fraction that ran as a single *C-labeled
peak on reversed-phase HPLC. Sequencing
of this fraction again indicated two amino
acids in most cycles at about the same yield
and a third peptide at a significantly lower
recovery level (Table 2). Further purifica-
tion of the subdigested peptide or peptides
under a range of HPLC conditions yielded
sequence data very similar to those given in
Table 2.

As in the case of the Edman degrada-
tion of the thermolytic peptide (Table 1),
only one amino acid was detected in cycle
3 at the expected level of recovery (Table
2). The anticipated Tyr** (numbered af-
ter the cDNA-derived sequence) was not
found in peptide 1. There is a lack of
alignment between the isolated peptide
sequence (from calf aorta) and cDNA-
derived protein sequence (from rat aorta)
in cycle 4, with the peptide sequence in-
dicating Asn and the cDNA-derived pro-
tein sequence indicating Ala. We note
that this position is not conserved among

Table 2. Edman sequencing of the Asp-N subdi-

gested peptide. A third peptide was detected at .

about 10 percent yields, relative to peptides 1 and
2. The sequence of this peptide—Leu, lle, Phe,
blank, Thr, (Met)—is not present in the cDNA se-
quence of rat LO.

Peptide 1 Peptide 2
Cycle Amino Yield Amino Yield
acid (pmol) acid (pmol)
1 Asp 435 Val 397
2 Thr 167 Ala 323
3* Gilu 260
4 Asn 173 Gly 246
5 Ala 153 His 116
6 (Asp) (20) (Lys) (10)

*Only Glu was observed at the expected recovery level in
cycle 3.
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the cDNA-derived LO sequences deter-
mined from different species (22). A sud-
den drop in yield at the last round of
sequencing is a common occurrence and
may explain the low yield of both amino
acids at cycle 6. For this reason, we could
not demonstrate unambiguously that the
low yield for Lys at position 6 of peptide 2
was because of its presence within a
crosslinked structure. However, the fact
that a thermolytic peptide precursor had
been subdigested, and the resulting prod-
uct repurified as a single peak by HPLC,
made it highly unlikely that the material
analyzed (Table 2) was a mixture of two
peptides. We therefore concluded that the
Asp-N-subdigested peptide was composed

- of a crosslink between the residue at posi-

tion 3 in peptide 1 and position 6 in
peptide 2. The low level of Lys at position
6 could arise either from breakdown of the
proposed crosslinked species under the
conditions of Edman sequencing (24) or
from the presence of the third peptide at a
much lower recovery level (Table 2).
Mass spectrometric analyses of the
Asp-N-subdigested peptide. The cofac-
tor-containing peptide from the thermoly-
sin and Asp-N digest [sample 1, described
in (21) and (23)] was further purified by
microbore reversed-phase HPLC and the
eluent directly introduced into an electro-
spray ionization mass spectrometer (LC-
ESIMS analysis). The mass spectrum showed
doubly and triply protonated ions at mass-
to-charge ratios (m/y) of 720.9 (73%) and
480.9 (100%), respectively (25). These val-

Table 3. Molecular mass data of peptides after
thermolysin and Asp-N treatment. Fractions ab-
sorbing at 438 nm, after thermolytic digestion,
were pooled and subdigested with Asp-N. The
resulting Asp-N digestion products were separat-
ed by HPLC before mass spectrometric analysis.
The molecular mass was determined on a Micro-
mass TofSpec SE matrix-assisted laser desorp-
tion ionization (MALDI) time-of-flight (TOF) mass
spectrometer in reflectron mode, with a-cyano-4-
hydroxycinnamic acid as the matrix. All active site
peptides were studied by MALDI post source de-
cay fragmentation.

Change in basic

Sample MH* structure*
3 1324.4 —Asp
4 1697.6 +Ala + Ser
6 1439.5 None
7 1482.5 | —Asp + Ala + Ser

*The basic structure of the crosslinked peptide is shown
underlined below (sample 1). The amino acids that are
added to or subtracted from the basic structure are
shown in bold.

Asp-Thr-(Tyr-derivative)-Asn-Ala-Asp

Val-Ala-G Iu-GIy-His-(Lys-dérivative)-Ala-Ser




ues were used to establish the chemical
average (26) molecular mass as 1439.71
daltons. Subtraction of the residue weights
of the known amino acid residues (two
Asp, Thr, Asn, two Ala, Val, Glu, Gly,
His) in the peptide, plus masses corre-
sponding to two NH,-terminal protons
and two COOH-terminal hydroxyl groups,
yielded a mass of 393.45 daltons as the

residue  weight for the unknown
crosslinked cofactor structure labeled with
phenylhydrazine.

To calculate the elemental composi-
tion of an ion, its mass must be measured
to three or foyr decimal places. The accu-
rate mass méasurement was acquired on
another peptide sample (sample 2) isolat-
ed from different thermolytic and Asp-N
digests (27). The accurate mass value ob-
tained for [M+3H]*" of sample 2 was
533.2356 daltons with a standard devia-
tion of 0.0026, which establishes the mo-
noisotopic (26) molecular mass of this
peptide as 1596.6833 daltons. From the
protein sequence and tandem mass spec-
tra, sample 2 is an elongated version of
peptide sample 1, possessing an Ala-Ser
sequence at the COOH-terminus of the
crosslinked Lys residue. Subtraction of the
residue weights of the amino acid residues
known to be present in this peptide, plus
masses corresponding to two NH,-termi-
nal protons and two COOH-terminal hy-
droxyl groups, yielded a mass of 393.1830

daltons for the crosslinked residue (or
288.1377 daltons after further subtraction
of the phenylhydrazine label). Computer
calculation gives a composition of
C,;H;5N05 (Cy5sH gN;O; without the
phenylhydrazine label), which shows a
—10.0 parts per million deviation from the
measured mass value.

A reasonable structure for the phenyl-
hydrazine derivative of the cofactor is
shown below (as two possible tautomers).

MHN—?H_CQM warans HN=C H= C Owarane

CH,
H

<|:Hz—n H=N.

c H

IHz N . l2 N

CH, 1l H, 1

Omann
Azo form Hydrazone form

The cofactor itself is proposed to have the
structure shown in Fig. 1D. This is consis-
tent with the strong evidence for a qui-
none-like structure in LO (10, 12, 13, 28)
and with the finding that the cofactor
comprises a crosslink between a Tyr deriv-
ative and a Lys residue. Such a cofactor
structure could arise from an initial hy-
droxylation of Tyr to form 3,4-dihydroxy-
phenylalanine (dopa), followed by the ox-
idation of dopa to dopa quinone, and sub-
sequent nucleophilic attack by the e-ami-
no group of a Lys side chain to generate an
aminoquinol (Scheme 1, path A).
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100
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Fig. 3. MALDI-high-energy CID mass spectrum of a phenylhydrazine-derivatized active site peptide
(sample 4 in Table 3). This experiment was done on a Micromass AutoSpec SE orthogonal acceleration—
TOF tandem mass spectrometer. Fragmentation occurred for the most part along the backbone of
peptide 2. Fragments are labeled as proposed (42). When the peptide bond is cleaved, a y-type
sequence ion is formed with charge retention at the COOH-terminus (such as ys, Y4, and ys); if the
charge is retained at the NH,-terminus, a b-type sequence ion is formed (such as bg, bg, and b;). Aloss
of carbonyl from a b-ion leads to the formation of an a-ion (such as ag). Abbreviations for the amino acid
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met;
N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Scheme 1. Proposed mechanism for the gener-
ation of lysine tyrosylquinone.

In the course of these studies, HPLC
sample fractions containing active site
peptides derived from thermolytic digests
were pooled, subjected to further digestion
with Asp-N, and subsequently analyzed by
mass, spectrometry. The monoisotopic
MH?™ ions observed in these experiments
(for samples 3, 4, 6, and 7) are shown in
Table 3. The finding of cleavage site het-
erogeneity is consistent with the known
nonspecific nature of thermolysin, where-
by the enzyme could cleave either between
the modified Lys and Ala or between Ser’
and Phe in peptide 2. Because endopro-
teinase Asp-N is a poor catalyst as an
exoproteinase (29), it is not surprising to
see the sequence variations (with the Asp
residue cleaved or retained) at the
COOH-termini in the peptides purified
from different digestion pools.

One of these peptides (sample 4) was sub-
jected to high-energy collision-induced disso-
ciation (CID) analysis (Fig. 3). The monoiso-
topic 1?C isobar of MH™ (at m/z of 1597.6)
was selected as the precursor ion. Immonium
ions (H,N*=CH-R) at m/z of 72 and 110
show the presence of unmodified Val and His
residues, respectively. Ions at m/z of 167 and
367 correspond to internal immonium frag-
ments GH—28 and AEGH—28 [—28 daltons
indicates loss of the carbonyl (CO)], respec-
tively. The sequence ion at m/z of 494 (bs)
suggests the presence of the NH,-terminal
VAEGH sequence without modification, and
the fragment at m/z of 466 (as) is present
because of CO loss from the by ion. Other
b-type fragments detected at m/z of 1492 and
1421 indicate the loss of the COOH-terminal

Ser and Ala-Ser, respectively. Fragment ions
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Fig. 4. Structure of the synthetic model compounds. The reduced form of LTQ model (A), the oxidized
quinone form (B), and the phenylhydrazine derivative (C). (D) The phenylhydrazine derivative of ethyl-

dopa quinone.

at mfz of 1298, 1241, and 1104 are y-ions,
indicating the loss of VAE, VAEG, and
VAEGH sequences. The fragment ion at mfz
of 902 is a result of cleavages between the a
and B catbon of the modified Tyr residue
(=590 daltons) and a cleavage between the
aromatic ring and the phenylhydrazine label
(—105 daltons), with charge retention on the
NH,-terminal fragment. The ion at m/z of
884 seems to be formed by cleavages be-
tween the amino group and the o carbon,
and between the a carbon and the CO
group of the Lys residue with charge reten-
tion on the crosslinked residue or peptide 1.
This CID spectrum, together with similar
results on other crosslinked peptides, pro-
vides independent evidence for the pro-
posed crosslinked cofactor structure and the
crosslinking site in the protein.

Synthesis and characterization of a
model for the LO cofactor. In order to
confirm the structure for the LO cofactor, it
was essential to have a synthetic model
compound resembling the proposed enzymic
structure. Model compounds were designed
and synthesized (30). Three forms of one
such structure are shown as reduced quinol
(Fig. 4A), oxidized quinone (Fig. 4B), and
phenylhydrazine derivative (Fig. 4C).

One of the characteristics of the UV-Vis
absorption spectrum of LO is an absorption
maximum wavelength (A ) at about 510
nm (Fig. 5), which is 20 to 30 nm red-
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Fig. 5. Comparison of UV-Vis absorption proper-
ties of native LO to the model compound (Fig. 4B).
The spectrum of LO was taken in 16 mM potas-
sium phosphate containing 6 M urea, pH 7.8 (solid
line). The spectrum of the model was taken either
in 16 mM potassium phosphate, pH 7.8 (broken
line), or in 16 mM potassium phosphate contain-
ing 6 M urea, pH 7.8 (dotted line).
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shifted relative to TPQ-containing CAOs
and models thereof (with typical \___ val-
ues of about 480 nm). As shown in Fig. 5,
the oxidized form of the LO model com-
pound (Fig. 4B) displays a A, of 504 nm
(or 506 nm in urea buffer). Almost exact
correspondence was observed for the absor-
bance of the phenylhydrazine-labeled LO
protein and the phenylhydrazine derivative
of the lysine tyrosylquinone (LTQ) model
compound (Fig. 4C), with values for A, of
454 and 452 nm, respectively (31).

More detailed comparisons of spectra
were performed with resonance Raman
spectrometry on the isolated active site pep-
tide and the model compound. Because the
isolated active site peptide contained the
cofactor as its phenylhydrazine derivative,
these studies were restricted to the phenyl-
hydrazine derivative of the model com-
pound. Although the latter compound
showed only limited solubility in water,
both the active site peptide and the model
compound dissolved readily in 0.5 percent
trifluoroacetic acid and 2 percent acetoni-

trile (CH;CN). Under these conditions,
spectra for both samples were almost super-
imposable (Fig. 6, A and B) and distinct
from a TPQ model compound under the
same conditions (Fig. 6C). It is generally
recognized that resonance Raman spectros-
copy can provide spectral information that
is sensitive to conformational and environ-
mental factors. Although structurally relat-
ed compounds may display features in com-
mon, superimposable spectra indicate the
same chromophore in identical environ-
ments. The n-butyl and ethyl side chains of
the model compound appear to provide an
excellent match for the LO active site—
derived peptide, under the denaturing con-
ditions of low pH and acetonitrile.
Mutagenesis studies on LO. The above-
documented sequencing, mass spectrometric
analyses, and spectral characterizations indi-
cate structure D in Fig. 1 as the active site
cofactor of LO. Sequence alignment of the
isolated peptide to the cDNA sequence
identified the crosslinking Lys and Tyr resi-
dues as Lys>** and Tyr*#. When the eukary-
otic expression system for rat aorta LO is
used, low amounts of protein suitable for
activity assays are produced (32). Site-direct-
ed mutagenesis studies were undertaken and
the results are summarized in Table 4. The
Y349F mutant (in which the Tyr residue at
position 349 is mutated to Phe) was com-
pletely inactive, whereas mutation of a dif-
ferent Tyr residue (Y328F, as a control) led
to an enzyme with full activity. The K314A
mutant was also inactive. The activity of the

Y349F-K314A double mutant, as compared

Fig. 6. Comparison of reso-
nance Raman spectra for
the labeled peptide from LO
to the corresponding syn-
thetic LTQ and TPQ model
compounds. The excitation
wavelength is 457.9 nm,
with power of 40 mWw.
Shown here are the spectra

Relative intensity

for (A) the labeled LO active
site peptide, (B) the phenyl-
hydrazine derivative of LTQ
model (Fig. 4C), and (C) the
phenylhydrazine derivative
of topa hydantoin quinone.

T T T T T
600 800 1000 1200 1400

T T
1600 1800

Raman shift (wave number, cm™')
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with the wild-type enzyme, was within the
background limits of the tritium release assay
method. These results support Lys*'4 and
Tyr** as the sites of cofactor crosslinking.
Relation of the LO cofactor to other co-
factors in quinoenzymes. Our studies present
evidence for a variant quinone cofactor in a
mammalian system. To compare the redox
properties of this previously unknown cofac-
tor (now designated LTQ) with TPQ, we
undertook cyclic voltammetric studies. The
LTQ model compound has a midpoint poten-
tial (E,,) of —181 mV at pH 6.7, identical to
a t-butyl-TPQ model compound and similar
to PQQ and the topa hydantoin quinone
model compsund (Table 5). These data sug-
gest that the different biological roles for
PQQ, TPQ, and LTQ lie in their reductive
half-reactions and not in the regeneration of
oxidized cofactor from their quinol forms.
Of great interest is the fact that LTQ is
derived from Tyr, analogous to the origin of
TPQ), suggesting that the biogenesis of LTQ
and TPQ may be similar. Studies from both
this laboratory (33, 34) and that of Tani-
zawa and co-workers (35) have shown TPQ
to arise by a self-processing mechanism that
involves the protein-bound copper. A pos-
sible mechanism for the biogenesis of LTQ
is presented in Scheme 1. By analogy with
TPQ, the conversion of peptidyl Tyr to
dopa is proposed to occur by ring hydroxy-
lation to yield dopa quinone. In the case of
TPQ (Scheme 1B), a bond rotation about
the B carbon (36) would place the electro-
philic carbon (C-2) of dopa quinone in
proximity to a copper-bound hydroxide ion
(or water), which is positioned for nucleo-

Table 4. Mutagenesis studies on LO. WT corre-
sponds to wild-type LO, in which the enzyme was
secreted into the medium of Chinese hamster
ovary (CHO) cells transfected with a full-length LO
construct (32). DHFR(—) corresponds to CHO
cells transfected with the dihydrofolate reductase
selection plasmid only, which lacks the LO cDNA
insert. Enzyme activity was determined as de-
scribed (47) and represents °H released from a
2-hour incubation. Typically, for an assay of about
700 cpm 3H released in 2 hours, the background
counts can range from 70 to 100 cpm (up to 15
percent). Immunoblot analysis with rabbit anti-
bodies to LO as the probe indicated that the con-
centrations of mutant proteins ranged from about
50 to 100 percent of the wild-type LO.

Activity

Protein

assayed com Perg\(/e_?t of
WT 688 + 25 100 = 4
Y349F 6+ 1 09 +0.2
Y328F 660 + 30 96 + 4
KB314A 0+17 0+3
Y349F-K314A 39 +2 6+0.3
DHFR(-) 9+2 1.3+0.3

philic attack at the C-2 position (6, 34).

Although not indicated in Scheme 1, a
similar bond rotation may occur in LTQ
biogenesis, depending on the geometric ori-
entation of Lys’'* within the active site.
Scheme 1C shows an alternative pathway
for LTQ biogenesis, in which TPQ is
formed first, followed by attack of a lysyl
side chain at the C-2 carbonyl of TPQ to
generate LTQ. Model studies of TPQ an-
alogs in their ionized anionic form have
indicated that amines react exclusively at
the C-5 carbonyl (37), suggesting that
Scheme 1C would only be feasible if a
TPQ precursor to LTQ were protonated at
C-4. Given the low pK, (about 3, where
K, is the acid dissociation constant) deter-
mined for TPQ in bovine serum amine
oxidase (37), we consider this highly un-
likely, strongly favoring pathway A in
Scheme 1 for LTQ biogenesis.

We have considered the possibility that
the mature cofactor in LO was dopa quinone
(the postulated biogenetic intermediate),
which had undergone fortuitous crosslinking
with a Lys in the course of active site peptide
isolation. To address this possibility, we re-
acted 4-ethyl-1,2-benzoquinone with phenyl-
hydrazine to obtain a derivative (38). The
isolated phenylhydrazine derivative was
found to have a A, of about 330 nm, which
is distinct from the phenylhydrazine adduct of
both LO protein and the LTQ model com-
pound (with N values of 454 and 452 nm,
respectively). 'H nuclear magnetic resonance
(NMR) of the isolated product showed that
the hydrazine derivatives (isolated as a mix-
ture of two isomers) were in an azo form with
the cofactor ring reduced (see Fig. 4D for
structures). Consistent with an anticipated
unreactivity of such an azo compound toward
nucleophilic attack by amines, no reaction
was observed after overnight incubation of
compound D (Fig. 4) with a 1000-fold excess
of propylamine (38). A spurious side reaction
in the course of cofactor isolation may, there-
fore, be ruled out as the source of the ob-
served structure.

Our findings raise a number of provocative
questions regarding quinoproteins and LO.

Table 5. Midpoint potentials (£,,) for different qui-
none cofactors. Cyclic voltammetry was carried
out at pH 6.7 with a three-electrode system con-
sisting of a gold working electrode (electrode area
of 0.02 cm?), a coiled platinum counter electrode,
and a saturated calomel electrode (SCE) as the
reference.

E_ versus SCE
Model compounds m (mv)
PQQ -155
Topa hydantoin quinone -149
t -Butyl-TPQ —-181
LO model quinone —181
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The proposed biogenetic pathways for TPQ
(6, 34) and LTQ (Scheme 1) invoke a com-
mon o-quino intermediate that reacts with
either water or Lys and suggest the possibility
of other, naturally occurring TPQ analogs.
These TPQ analogs may differ with regard to
the nature of the substituent at the C-2 posi-
tion of the cofactor and arise by reaction of
other nucleophilic side chains (such as Asp or
Glu, Ser, and Cys) with a dopa quinone pre-
cursor. It is appropriate to question whether
LTQ is restricted to LO or whether it occurs
in other enzymes as well. Among the CAQs,
the membrane-associated semicarbazide-sen-
sitive amine oxidases remain to be character-
ized with regard to overall protein sequence
and cofactor identification. Finally, it has
been found that rrg, a putative tumor suppres-
sor of ras expression, encodes LO (39). The
downregulation of LO expression in transfor-
mation and the induction of LO in interferon-
mediated reversion of transformed cells sug-
gests that this enzyme has a role in tumor
suppression. It is still not clear whether the rrg
gene product is catalytically active, and in
particular, whether LTQ biogenesis and LO
catalysis participate in the reversion of the
tumorigenic state (40).
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