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Fully Automated Fluorescence Assay for Determining Total Homocysteine in Plasma

Helga Refsum, Per Magne Ueland, and Asbjern Martin Svardal

Homocysteine exists in human plasma as various (mixed)
disulfides. Most plasma homocysteine (about 70%) is protein
bound, probably via a disulfide bond to albumin, whereas
homocysteine—cysteine mixed disulfide is the predominating
form in the free fraction. We here present a method for the
determination of total homocysteine, which includes both
fractions. Plasma was initially treated with sodium borohy-
dride to reduce the disulfide bonds, and the liberated thiols
were derivatized with monobromobimane. The derivatized
sample, still containing the plasma proteins, was injected
onto a strong cation-exchange column, from which the ho-
mocysteine derivative was directed by column switching into
a cyclohexyl silica (CH) column. The homocysteine deriva-
tive was top-concentrated on the CH column, then rapidly
eluted with a steep gradient of methanol. Both the derivati-
zation procedure and chromatography were performed with a
combined sample processor and sample injector from Gilson
(Model 232-401). Within-run and between-run precision (CV)
was <4%, and the detection limit of 0.2 pmol was sufficiently
low for monitoring homocysteine in plasma. We verified the
assay against two established manual methods for the
determination of total homocysteine in plasma. This, the first
fully automated assay for total plasma homocysteine, allows
the unattended analysis of 70 samples per 24 h.
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Homocysteine is a sulfur-containing amino acid, formed
from methionine during S-adenosylmethionine-dependent
transmethylation reactions. Intracellular homocysteine
may be remethylated to methionine, and in most tissues,
this reaction is catalyzed by methionine synthase (5-meth-
yltetrahydrofolate—homocysteine methyltransferase; EC
2.1.1.13), which requires 5-methyltetrahydrofolate as
methyldonor and vitamin B,, as cofactor. Catabolism via
cystathionine to cysteine, an alternative route of homocys-
teine disposal, depends on two vitamin Bg-dependent en-
zymes. Thus, the metabolic fate of homocysteine is coupled
to reduced folates, vitamins B,, and Bg, and sulfur amino
acids, and may be defined as a branch-point metabolite (I).

When the intracellular production of homocysteine ex-
ceeds the metabolic capacity, homocysteine is efficiently
exported into the extracellular space, and the intracellular
content is kept low (2). Thus, the amount of homocysteine
in extracellular fluids like plasma and urine may reflect
the balance between homocysteine production and utiliza-
tion. This balance may be perturbed by clinical states
characterized by decreased activity of enzymes or low
quantity of cofactors involved in homocysteine metabolism
(3). This is the basis for the marked increase in homocys-
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teine in plasma in some inborn errors of metabolism
(homocystinuria) (I) and during vitamin B,, (¢4, 5) and
folate deficiency (4, 6). In such conditions, monitoring
plasma homocysteine may be of value both in diagnosis and
follow-up. A more moderate increase of plasma homocys-
teine has been reported in renal failure (7, 8), some malig-
nant states (9), and psoriasis (10), and its concentration in
plasma may be affected by various drugs (3). Thus, plasma
homocysteine may be a useful measure of the identity as
well as the severity of several clinical states. Furthermore,
it may itself be a pathogenic factor. Increasing evidence
suggests that moderately increased homocysteine in
plasma is an independent risk factor for premature cardio-
vascular disease (3, 11).

The first reports on homocysteine in plasma from healthy
subjects or patients without homocystinuria were based on
results obtained with amino acid analyzers (12—16). These
assays, which measure acid-soluble homocysteine—cysteine
mixed disulfide, are time consuming, and care should be
taken during sample handling and storage to avoid artifi-
cally low values attributable to a progressive association of
homocysteine with plasma protein(s). Recently, we devel-
oped a radioenzymic assay for total and free homocysteine
(17). This, as well as other assays measuring total homo-
cysteine (18-22), requires the liberation of protein-bound
homocysteine by cleavage of the disulfide bridge in the
presence of a reducing agent. Such methods have the
advantage that there is no interference from redistribution
between the various homocysteine species in plasma, and
stored plasma samples can be used for analysis. However,
most of these methods are laborious and time consuming.

The increasing demand for the determination of total
homocysteine in plasma in the clinical setting prompted us
to develop a fully automated and rapid chromatographic
assay. The method is based on use of a combined sample
processor and sample injector from Gilson, Model 232-401,
for reduction of oxidized homocysteine, precolumn deriva-
tization, and column switching. The column-switching de-
vice allows injection of plasma samples without removal of
protein. The method is characterized by high precision and
sample output.

Materials and Methods

Materials

Reagents. DL-Homocysteine, L-homocystine, dithioeryth-
ritol (DTE), and N-ethylmorpholine were obtained from
Sigma Chemical Co., St. Louis, MO.* Sodium borohydride
(NaBH,) was from Fluka Chemie AG, Buchs, Switzerland.
Monobromobimane (mBrB; Thiolyte®) is a product of Cal-
biochem—Behring Diagnostics, La Jolla, CA. “HPLC-
grade” methanol was from Rathburn Chemicals, Ltd.,
Walkerburn, Scotland, U.K. One stainless-steel column
(0.46 x 10 cm) was packed with 10-um-diameter particles

1 Nonstandard abbreviations: DTE, dithioerythritol; mBrB,
monobromobimane; DMSO, dimethyl sulfoxide; SCX, strong cat-
ion-exchange; and CH, cyclohexyl silica.
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of Partisil-10 SCX from Whatman Inc., Clifton, NJ; an-
other (0.46 X 15 c¢cm) was packed with 5-um-diameter
particles of Bondasil CH from Analytichem International,
Harbor City, CA. Dimethyl sulfoxide (DMSQ) was from
Merck AG, Darmstadt, F.R.G. 2-Octanol was purchased
from BDH Chemicals Ltd., Poole, U.K. Other reagents,
used in the radioenzymic assay for homocysteine, have
been described previously (17).

Standard solutions. DL-Homocysteine or L-homocystine
was dissolved in water to give a concentration of 100
pmol/L. These stock solutions were further diluted with
water to known concentrations. If not otherwise stated, all
standards contained 100 wmol of DTE per liter.

Instrumentation

The programmable sample processor, Model 232-401,
was manufactured by Gilson Medical Electronics, Inc.,
Middleton, WI. We used it for automated sample process-
ing, derivatization, sample injection, and the column-
switching procedure. It operates in a concurrent sequential
mode with the HPLC system; one sample undergoes the
chromatographic analysis while the next one is being
prepared. The program for derivatization, injection, and
switching was developed in our laboratory, and can be
obtained upon request.

This autosampler was equipped with both a column-
switching valve and an injector valve (Rheodyne Model
7010), the latter being fitted with a 20-uL sample loop. We
used two ternary solvent-delivery systems (Model SP
8800), both from Spectra-Physics, San Jose, CA. Both
columns were mounted in a column heater (Model SP 8792;
Spectra-Physics). The effluent from the strong cation-ex-
change (SCX) column was either directed to the cyclohexyl
silica (CH) column or to waste by use of a column-switching
valve, and the tubing from the waste port was fitted with a
restrictor offering a back-pressure of ~2 MPa at a flow rate
of 1.5 mL/min. This minimized the pressure surge through
the system during the column switching. The fluorescent
material in the column effluent was detected with a Model
SFM 25 fluorescence detector (Kontron, Zurich, Switzer-
land). We adjusted the wavelength of the primary light
path to 400 nm and recorded the fluorescence emission at
475 nm, using an integrator (Model SP 4290; Spectra-
Physics) that was started by a signal from the Gilson
sample processor.

Procedures

Sample collection and storage. Blood was collected into
evacuated tubes containing EDTA, immediately placed on
ice, and plasma separated within 10 min. Plasma was then
analyzed immediately or stored at —80 °C until analysis.

Solutions, and storage of samples and reagents during
unattended analysis. Plasma samples were stored in nar-
row conical plastic vials placed in a cooled (2-3 °C) rack of
the sample tray. We protected each sample (50-100 uL)
from air exposure and evaporation by covering it with an
octanol layer (20 uL). NaBH, (6 mol/L) was dissolved in
NaOH, 0.1 mol/L, then mixed with DMSO (2/1, by vol) and
stored in glass vials in a cooled rack. The glass vials
(Chromacol Ltd., London, U.K.) were broad-based with a
small-bore cone in the center, which trapped precipitating
material. mBrB (25 mmol/L) in acetonitrile was placed in
cooled, dark glass vials, to protect this reagent from light.
2-Octanol was stored in the cooled rack. The N-ethylmor-
pholine buffer (1 mol/L), hydrochloric acid (1 mol/L), and
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glacial acetic acid were kept at room temperature.

Automated sample preparation and derivatization. The
sampler collects 30 uL of plasma from the sample vial and,
together with 20 uL of octanol and 30 uL of NaBH,/DMSO
solution, places this in the derivatization vial. The reduc-
tion by NaBH, is then accelerated by adding 30 uL of 1
mol/L HCL. After 1.5 min, the sample is diluted with 150 uL
of N-ethylmorpholine buffer (1 mol/L) and 350 uL of water.
The sampler then adds 20 uL of the fluorescence reagent
mBrB (25 mmol/L) in acetonitrile, carefully mixes and,
after 3 min, stops the reaction by adding 40 uL of glacial
acetic acid. After thorough mixing, 20 uL of the sample is
immediately injected into the SCX column.

The timing for this procedure, including some additional
details, is shown in the upper panel of Figure 1.

Chromatography. Chromatography was carried out at a
constant temperature of 50 °C. Both columns were equili-
brated with 20 mmol/L ammonium formate buffer, pH 3.5,
and the flow rate was 1.5 mL/min. The CH column was
supplied from pump A. The SCX column received its mobile
phase from pump B, except during the column-switching
interval, in which both columns, being in-line, were sup-
plied by pump A. The sample (20 uL) was injected into the
SCX column immediately after derivatization and was
eluted isocratically from the SCX column after about 4
min. The switching interval started at about 3 min after
injection and lasted for 2.5 min; the integrator was started
at the end of this interval. Because the CH column was
pre-equilibrated with a mobile phase containing no organic
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Fig. 1. Time-table for one cycle of sample preparation and chroma-
tography carried out by the Gilson combined sample processor and
sample injector

The upper panel shows the sample handling, including the derivatization
procedure; the middle panel the column-switching device; and the lower panel

the composition of the mobile phases delivered by pumps A and B. Hcy,
homocysteine



solvent, the homocysteine derivative was concentrated at
the top of this column. Immediately after termination of
the switching interval, the CH column was eluted with a
linear methanol gradient (from 17% to 35% in 5 min) in 20
mmol/L formate buffer. The homocysteine derivative was
eluted from the CH column at a retention time of 4.5 min,
corresponding to about 10 min after injection.

After the elution of the homocysteine peak, both the SCX
column and the CH column were washed with 700 mL/L
methanol in formate buffer.

The column switching and the composition of the mobile
phases from pump A and B are summarized in the middle
and lower panels of Figure 1.

Standard curve and linearity of the assay. We prepared a
standard curve by adding known concentrations (0.5-100
pumol/L) of either homocysteine or homocystine to water.
The assay was tested for linearity by determination of total
homocysteine in plasma diluted (two- to 200-fold) with
water.

Precision and comparison of methods. Plasma samples
containing low normal (7.3 wmol/L), high normal (13.0
umol/L), and above-normal (39.8 umol/L) homocysteine, as
determined by a radioenzymic assay (17), were selected for
the evaluation of precision. The above-normal sample was
obtained from a patient undergoing methionine loading. To
determine the within-run precision, we assayed 10 repli-
cates of each plasma sample in one single run. The be-
tween-run precision was determined by assaying the same
plasma samples on 10 different days within four weeks.
These experiments were performed by two different opera-
tors and the samples analyzed on a single pair of columns.

The present method for total homocysteine in plasma
was compared with a radioenzymic assay (17) and a proce-
dure for the determination of total homocysteine based on
use of an amino acid analyzer (23, 24). The samples for the
comparison studies were obtained from Dr. Lars
Brattstrom, and the amino acid analyses were performed at
his laboratory at the University of Lund, Sweden.

Results

Stability of samples and reagents. This automated assay
depends on the stability of the reagents and plasma sam-
ples for the period of unattended analysis, i.e., up to 24 h.
Plasma samples stored at room temperature in glass vials
showed about a 30-50% decrease in assayable homocys-
teine within 24 h. However, the samples were stable for at
least 24 h when placed in plastic instead of glass vials and
protected against air with an octanol layer. The tempera-
ture was lowered to 2-3 °C by placing the vials in a cooled
sample tray.

NaBH, was unstable in water, but was stable for days
when dissolved in 0.1 mol/L. NaOH and kept at 2-3 °C.
Under these conditions there was a time-dependent forma-
tion of precipitating material, which was partly prevented
by mixing the NaBH, solution with DMSO, as described in
Materiols and Methods. The small amount of precipitate
that still formed was trapped in the cone at the bottom of
the glass vial. The NaBH,/DMSO solution was always
thoroughly mixed before being added to the derivatization
vial.

mBrB is subject to photolysis (25), and was unstable in
water, and at room temperature. It was relatively stable for
at least 24 h when dissolved in acetonitrile and stored at
2-3 °C in dark glass vials. Even under optimal conditions,
there was a time-dependent formation of multiple fluores-

cent peaks, some of which co-chromatographed with the
homocysteine derivative. The mBrB solution should be
changed after two to three days of storage in the cooled
sample tray. Routinely, we prepared the mBrB solution
freshly every day before the start of unattended analysis.

Reduction and derivatization. Automated sample proc-
essing has certain limitations in comparison with manual
derivatization. The sample processor cannot handle powder
or remove precipitated material. At least 20 uL is needed to
obtain a quantitative transfer to an empty derivatization
vial or when a reagent is added above the surface of the
mixture. The sample tray should accommodate up to 60
samples, with derivatization vials and the necessary
amounts of reagents—which restricts the multiple dilu-
tions and transfer steps often used in manual sample
processing. In our assay, reduction and derivatization were
performed in a single 700-uL vial. During optimization of
the method we carried out every experiment in such a way
that the steps could be performed by the Gilson sample
processor. For simplicity these experiments were per-
formed manually; only the optimal design was pro-
grammed into the processor and then verified against
manual derivatization.

A reducing agent is necessary both for the reduction of
the disulfide bonds and to keep the thiol in a reduced form
until start of derivatization. When the reduced thiol homo-
cysteine, 100 umol/L, was carried through the assay proce-
dure, only 40% was recovered in the absence of a reducing
agent (Figure 2). NaBH, at 0.5 mol/L in the initial mixture
of standard solution, NaBH, and HCI (reduction step),
which corresponds to 40 mmol/L of NaBH, in the derivati-
zation step, gave maximal yield of the mBrB derivative
(Figure 2). When the concentration of NaBH, during de-

120

011} {022 ———{0w} {033]

5
[w)
[

-—8— Plasma

—=— Homocystine

Homocysteine equivalents (itmol/L)
(=)
[}

[\*]
(=]
N

~—&— Homocysteine

T T T

0.0 0.5 1.0 1.5 20 2.5 30

Concentration of NaBH 4 (mol/L)

Fig. 2. Determination of homocysteine in standard solutions and in
plasma in the presence of NaBH,

The standard solutions were 100 umol/L. The plasma sample was obtained
from a person subjected to methionine loading, and contained 73 umol of total
homocysteine per liter, as determined with a radioenzymic assay. The
concentration of NaBH, on the x-axis refers to the amount present after mixing
sample, NaBH,/DMSO, and HCI. The values in the boxes are the NaBH,
concentrations (mol/L) during derivatization, i.e., after water, buffer, and mBrB
were added. The concentrations of NaBH, in these two steps do not vary
proportionally, owing to restrictions regarding added volumes and solubility of
NaBH,
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rivatization exceeded 0.5 mol/L, the yield of the mBrB
derivative decreased. However, this decrease could be pre-
vented by further dilution of NaBH, reagent before addi-
tion of mBrB.

We investigated the dose-response for the reduction of
the disulfide homocystine and for homocysteine in plasma
in the presence of NaBH,. Assayable homocysteine in-
creased as a function of the concentration of NaBH,,
reaching a plateau with NaBH, between 1 and 2.3 mol/L at
the reduction step. Above this concentration there was a
marked decrease in yield (Figure 2) as seen for the reduced
form, homocysteine. Notably, in the presence of optimal
concentration of NaBH,, the yield of homocysteine-mBrB
derivative was the same for homocysteine and homocys-
tine. Furthermore, the dose-response curve for homocys-
tine in plasma and in water was almost identical, suggest-
ing that equal concentrations of NaBH, are required for
reduction of different homocysteine mixed disulfides, in-
cluding the disulfide formed with plasma protein(s).

The time course for the reduction of homocystine or total
homocysteine in plasma in the presence of optimal concen-
tration of NaBH, (1.5 mol/L during reduction) reached a
plateau within 2 min (data not shown).

The ability of NaBH, to reduce homocysteine disulfides
was pH dependent. When we decreased the pH during
reduction by adding HCI, we observed that the maximal
yield of the mBrB derivative of homocysteine was observed
between pH 8 and 9 (data not shown). In this experiment
we kept the pH at ~9 during derivatization.

There were some problems related to the high concentra-
tion of NaBH, required for rapid reduction of the different
homocysteine species. The avid formation of gas during
reduction resulted in foaming, which we prevented by
adding octanol. The plasma samples (30 uL) were diluted
(20-fold) and then degassed by suction and purging through
the injector needle. Only small, residual gas bubbles re-
mained and did not influence the injection volume (20 uL).
The extensive dilution also prevented a low yield of homo-
cysteine-mBrB derivative and the appearance of multiple
peaks observed at high (>0.5 mol/L final) concentrations of
NaBH,.

We investigated the dose-response curve for mBrB be-
cause fluorescent material co-chromatographing with the
homocysteine derivative was formed in proportion to the
amount of mBrB present. The minimal concentration of
mBrB giving maximal yield of homocysteine-mBrB deriv-
ative was 0.3 mmol/L (data not shown). We routinely kept
the concentration of mBrB at 0.8 mmol/L. At this concen-
tration, the maximum amount of the homocysteine-mBrB-
derivative was formed within 1-2 min (data not shown).

Chromatography. We analyzed the derivatized samples
with numerous systems based on separation on reversed-
phase columns (C,g4, Cg, Cg, CH, and phenyl) or a strong
cation-exchange column (Partisil-10 SCX). Using a single
column system, we could not separate the homocysteine-
mBrB derivative from small amounts (corresponding to
0.5~1 umol/L of homocysteine in plasma) of interfering
compound(s).

The resolution was greatly improved by directing the
homocysteine peak from the SCX column into a CH column
by column switching. The homocysteine derivative was
eluted as a single sharp peak, and baseline separation from
interfering peaks was obtained (Figure 3). Thiols such as
glutathione, cysteine, or DTE did not interfere with the
assay, and the blank samples contained no interfering
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Fig. 3. Improved chromatographic resolution by column switching

A plasma sample was derivatized and stored at room temperature for 12 h.
Storage increased the amount of interfering fluorescent material. The sample
was chromatographed on a SCX column and on a CH column. The trace
marked SCX — CH shows the chromatogram obtained when effluent from the
SCX column containing the homocysteine derivative was switched (switching
interval between 3.5 and 6 min) into the CH column

material (data not shown).

Upon storage of the derivatized sample, there was a
time-dependent formation of fluorescent material, some of
which co-chromatographed with the homocysteine peak.
Therefore, we analyzed the plasma samples immediately
after the derivatization was finished.

The 20-uL samples injected into the SCX column con-
tained plasma proteins (60-70 ug) from ~1 uL of plasma.
The presence of DMSO in the samples solubilized the
proteins and prevented pressure build-up, even after mul-
tiple injections. The retention time of the homocysteine-
mBrB derivative on the SCX column became shorter as the
column aged, but the switching interval was sufficiently
long to allow for some drift in retention time. The SCX
column tolerated more than 1000 injections before column
replacement was required.

Standard curve, linearity of the assay, sensitivity, and
specificity. The standard curve for both reduced and oxi-
dized homocysteine was linear over a wide concentration
range (1-100 umol/L), but deviated from linearity at con-
centrations below 1 umol/L (Figure 4). This deviation from
linearity, which was most pronounced for homocysteine,
was abolished by including DTE, 100 umol/L, in the stan-
dard solution.

We also tested the linearity of the method by assaying
plasma diluted to various extents. In this case also, DTE
was necessary to accomplish linearity at high dilution
(Figure 4). Notably, both with plasma and with standard
solutions, the deviation was more pronounced and was only
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The concentrations of standards corresponded to 0.5-100 umol/L of homo-
cysteine equivalents and the plasma (73 umoliL, undiluted) was diluted to
various extents before assay. The standard solution and the samples of diluted
plasma were supplemented with 0 or 100 umol of DTE per liter. Standards and
plasma samples were analyzed together, and the results given (on identical
scales) as relative fluorescence

partly prevented with DTE when we used glassware in-
stead of plastic vials.

The sensitivity of the assay, defined as a signal-to-noise
ratio =5, is about 0.2 umol/L, corresponding to 0.2 pmol of
homocysteine equivalents in the plasma sample.

We verified the specificity of the assay by treating the
plasma sample with S-adenosylhomocysteine hydrolase
(EC 3.3.1.1), adenosine, and DTE. Under these conditions
plasma homocysteine is quantitatively converted to S-
adenosylhomocysteine, and the homocysteine peak is selec-
tively removed (Figure 5). This treatment confirmed the
identity of the homocysteine peak, and excluded the pres-
ence of endogenous compound(s) co-chromatographing with
the homocysteine derivative.

The assay has been used for the determination of plasma
homocysteine in healthy subjects, and in patients with
cancer, dermatological diseases, cardiovascular conditions,
and epilepsy: in all, more than 500 subjects. Although these
patients were treated with several cardiovascular drugs,
cancer chemotherapeutic agents, analgesics, anesthetics,
anticonvulsants, or psychotropic drugs, no interference
with the homocysteine peak was detected in their samples.

Precision and correlation studies. The within-run preci-
sion (CV) was 2.9% at 7.3 umol/L, 2.8% at 13.8 wmol/L, and
1.8% at 41.8 umol/L. The corresponding between-run CVs
were 2.1%, 3.0%, and 2.0% (Table 1).

There was a good correlation (y = —1.0547 + 1.0096x,
r = 0.989) between total homocysteine concentrations de-
termined in 160 plasma samples with the present method
and the values obtained for the same samples with an
established radioenzymic method for total homocysteine
(17) (Figure 6). The correlation between the fluorescence
assay (x) and an assay involving reduction of samples with
DTE followed by conventional amino acid analysis (y) (23,
24) showed the following relation between the two sets of
values: y = —1.5077 + 1.1285x (r = 0.975) (Figure 6).
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Fig. 5. ldentification of the homocysteine-mBrB derivative by enzy-
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Plasma was incubated (37 °C) with adenosine and DTE in the absence (A) and
presence (B) of the enzyme S-adenosylhomocysteine hydrolase. In the
presence of enzyme, plasma homocysteine is almost quantitatively converted
to S-adenosylhomocysteine. The amount of plasma homocysteine in trace Ais
about 20 umol/L; that in trace B is <0.5 umol/L

Table 1. Performance Statistics of the Fluorescence
Assay

Fluorescence
assay range,

Precision (n = 10); CV, %

Concn range,

Samples pmol/L* pmol/L Within-run  Between-run
Low 6.98-7.66 6.96-7.82 2.91 213
Medium 12.52-13.36 12.78-14.22 2.83 3.01
High 37.46-41.86 39.16-42.57 1.80 2.00

a Concentrations of total homocysteine in these samples were determined
with the radioenzymic assay.

Discussion

Microprocessor-controlled sample processors have re-
cently been introduced on the market, at a price compara-
ble with that of ordinary HPLC autosamplers. Some of
these instruments can be programmed to carry out column
switching and complex sample-handling procedures such
as precolumn derivatization. They have sample trays that
can be cooled or heated, and they also can function as a
sample injector for HPLC. We designed a fully automated
method adjusted to the performance by the Gilson 232-401
sample processor.

Determination of total homocysteine requires the reduc-
tion of several species of homocysteine disulfides in plasma.
Among the several reducing agents (26) that can be used
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for liberating homocysteine or other sulfur compounds from
plasma proteins are DTE (17, 23, 24), tributylphosphine
(20), mercaptoethanol (19, 27), and NaBH,. Because the
derivatization and chromatography are carried out in se-
quence in our assay, we selected a reducing agent (NaBH,)
and conditions suitable for fast and complete reduction and
thiol liberation. Thus, the reduction step did not markedly
prolong the overall analysis time. In addition, the reducing
agents must be compatible with the thiol-specific derivati-
zation agent. Thiols such as 2-mercaptoethanol and DTE
are not suitable in our assay because they consume mBrB
and may produce interfering fluorescent material (28).

In addition to the reduction of homocysteine disulfides,
NaBH, serves another important function, i.e., to prevent
re-oxidation of homocysteine before the derivatization of
the sulfhydryl group. In the absence of a reductant, oxida-
tion of homocysteine is pronounced (19), and in our assay,
only 30—40% of the thiol standard could be recovered
(Figure 2). Total recovery of homocysteine required less
NaBH, than did total recovery of homocysteine (Figure 2),
which suggests that, under the conditions of our assay,
lower concentrations of reductant are necessary to prevent
oxidation of the sulfhydryl group of homocysteine than to
cleave the disulfide bridge by reduction.

Of the various thiol-specific derivatization reagents (25,
28-30), we chose mBrB for the following reasons. The
fluorescence intensity of the homocysteine-mBrB deriva-
tive is sufficiently high to measure homocysteine in
plasma. Furthermore, mBrB reacts rapidly with free thiols
at room temperature, this step being completed within 2
min (data not shown). Other reagents, e.g., 7-fluorobenzo-
2-oxa-1,3-diazole-4-sulfonate, require higher temperatures
and long reaction times (20).
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The column switching was an essential step in this
analytical procedure and had the following impact on the
analytical performance:

(a) We and others (28, 31) have observed that impurities
were present in the mBrB reagent and interfering material
was formed during the reaction. Such compound(s) co-
chromatographed with the homocysteine-mBrB derivative
in several chromatographic systems. With the present
two-dimensional HPLC system, the homocysteine deriva-
tive was separated from interfering material, and proce-
dures to remove excess reagent (31, 32) were not required.

(b) The homocysteine-derivative was loaded on the CH
column with a mobile phase containing no organic solvent,
and was therefore top-concentrated on the latter column.
This allowed rapid elution, high chromatographic resolu-
tion, and therefore increased sensitivity.

(c) The sample processor did not remove plasma proteins
from samples before injection into the SCX column. More-
over, the chromatographic performance of this column was
not critical for the resolution of the system (Figure 3), and
was only slowly deteriorated by protein loading. In addi-
tion, the SCX column served as a guard column and
protected the CH column against the detrimental effect of
the reagents and plasma constituents.

The identity of the homocysteine peak in the chromato-
gram was established by removal of homocysteine from
plasma by treatment with S-adenosylthomocysteine hydro-
lase (Figure 5). The thiol groups of other sulfur compounds
are not blocked by this treatment because the enzyme
shows high substrate specificity towards homocysteine (33).

The sensitivity of our method (detection limit 0.2 pmol)
compares favorably with that of other homocysteine assays
(17-22). Major determinants of the sensitivity are the high
chromatographic resolution; the horizontal, stable baseline
and low noise; baseline separation from interfering com-
pounds; high fluorescence intensity of the homocysteine
derivative; and linearity of the standard curve. The linear-
ity of the standard curve below 1 pumol/L was produced by
including DTE in the standard solutions (Figure 4), which
possibly prevented binding of free thiol to the surface of the
reaction vials.

The chromatographic features of the assay listed above
also contribute to the high analytical precision (Table 1).
Notably, such precision was obtained without including an
internal standard. Objections to the inclusion of internal
standard in assays for sulfur compounds based on deriva-
tization of free thiol groups include: different reactivity of
homocysteine and the chosen standard with the derivati-
zation agents (28) or with NaBH, as a source of erratic
results; long retention time of the internal standard, for
prolonged analysis time; and different chromatographic
behavior of these two derivatives, which may be incompat-
ible with column switching.

We compared the present assay with two established
assays (17,23, 24) for total homocysteine in human plasma.
In both, homocysteine is liberated from plasma protein by
using DTE as a reducing agent. The values obtained with
the present fluorescence assay showed a good correlation
with those obtained with both comparison methods (r =
0.989 vs the radioenzymic assay, and r = 0.975 vs the
amino acid analyzer). In the lower range the amino acid
analyzer gave slightly lower values than those obtained
with the two other methods (Figure 6, lower panel); this
may be related to the fact that such low concentrations



approach the detection limit of the ninhydrin-based
method.

In conclusion, the present method is a fully automated
procedure for the determination of total homocysteine in
human plasma. Multiple steps in the sample-handling
procedure and chromatography are carried out by an inex-
pensive and versatile microprocessor-controlled sample
processor. The analysis shows high precision, and has been
verified by two comparison methods. The present method
has been found reliable as a routine assay in our labora-
tory, and about 70 plasma samples can be left for unat-
tended analysis in 24 h. Obviously, the method can be
easily adopted for the assay of free homocysteine, and can
also be modified to measure other sulfur compounds in
which a large fraction is bound to plasma proteins via a
disulfide linkage.
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