parameters in the ecology of lichens and
may equally be important for other poiki-
lohydric plants.
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Analysis of Melatonin in Human Plasma by Gas Chromatography

Negative Chemical Ionization Mass Spectrometry

Abstract. Three techniques have been used to measure human plasma melatonin:
bioassay, radioimmunoassay, and gas chromatography-mass spectrometry (GC-
MS). GC-MS is theoretically capable of the greatest specificity, but in general suffers
from insufficient sensitivity. Negative chemical ionization, a new technique, provides
a 150-fold increase in GC-MS sensitivity for electron-capturing compounds. Nega-
tive chemical ionization GC-MS permits routine measurement in human plasma of
melatonin at a concentration as low as 1 picogram per milliliter.

Measurement of melatonin in human
plasma has become possible only within
- the last few years (1-10). Extremely low
circulating concentrations (1 to 10 pg/ml
or 1 to 10 parts per trillion) permit mea-
surement by only three techniques:
bioassay (¢, 5), radioimmunoassay (RIA)
3, 6-9), and gas chromatography-mass
spectrometry (GC-MS) (10). Quan-
tification at parts per trillion contends
with problems of contamination and non-
specific interference. Theoretically, GC-
MS offers the greatest specificity since
quantified substances are simultaneously
identified (by retention time and molecu-
lar weight of fragment ions). Newer GC-
MS instrumentation offers very high sen-
sitivity for the detection of trace organic
compounds; however, when used for
quantification of endogenous compounds
in a biological matrix, problems of in-
creased chemical background and irre-
versible adsorption phenomena limit ap-
plication of these methods to parts per
billion (ng/g). A new technique, negative
chemical ionization (CI) mass spectrom-
etry, provides the requisite sensitivity
and specificity to measure melatonin at
concentrations present in human plasma.
The potential sensitivity of negative CI
GC-MS has been demonstrated by Hunt
(I1) who showed a 10- to 100-fold sensi-
tivity enhancement for electron-captur-
ing compounds. Appropriately deriva-
tized organic compounds undergo effi-
cient ionization by resonance capture of
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anear thermal energy electron in an exo-
thermic process. Excess energy is dis-
sipated by fragmentation or collisional
stabilization. Cyclic derivatives or poly-
cyclic compounds generally yield struc-
turally specific anions, whereas acyclic

Internal standard
Deuterium

MeO \\
oL,

H

derivatives with good anion leaving
groups (such as perfluoracyl derivatives
of aliphatic alcohols) generate only re-
agent specific ions.

Quantification of biological com-
pounds in picogram and femtogram
amounts required special precautions.
Reagents were of high purity (12). Glass-
ware was acid washed and silanized with
hexamethyldisilazane in a heated vacu-
um desiccator (13).

Blood was collected with the use of
silanized glassware and stainless steel
needles with heparin or EDTA as anti-
coagulant and immediately centrifuged
at 5000 rev/min at 4°C. Samples of
plasma could then be assayed either di-
rectly or frozen for subsequent analysis.
To 1 ml of plasma was added a tetra-
deuterated internal standard consisting
of 15 to 40 pg of N-acetyl-5-methoxy-
[a,e,8,8,-D,]tryptamine synthesized by
Shaw et al. (I14), which extracts, deriva-
tizes, and chromatographs with non-
deuterated melatonin. Deuterated me-
latonin was also added to saline stan-
dards containing 1 to 200 pg of
nondeuterated melatonin. The ratio of
nondeuterated melatonin (endogenous or
saline standard) to deuterated melatonin
(internal standard) corrected for recov-
ery (which could vary as much as five-
fold).

To 1 ml of plasma or saline standard
(containing internal standard) was added
an equal volume of 0.5M borate buffer

0
Cafs =<

M
Cz"s"é) €0
0

COC2Fs

N/ CH2

Molecular weight 360
Internal standard 364

100 361 40
Positive Cl MH+ T
Fig. 1 (above). Reaction of |
melatonin with PFPA to form
a stable spirocyclic derivative. 389
The PFP derivative is no C2F5CO2H 341 M+29
longer an indole and thus —TF L
has improved chromatograph- ittt v vk v ’
ic properties. The internal 160 200 250 300 350 400
standard is tetradeuterated in )qq 320
the a« and B positions as 60
shown. Fig. 2 (right). Posi- Negative CI M-2HF[
tive and negative chemical
ionization mass spectra of
PFP-melatonin. ]
340
M-HF
307
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Fig. 3. Standard curve prepared from 1 ml of
aqueous standards containing 19 pg/ml of tet-
radeuterated internal standard. The regres-
sion equation is ¥ = 0.111 + 0.0538X, with a
correlation coefficient » = .997.

(pH 10), saturated with KClI; this mixture
was gently shaken with ten volumes of
petroleum ether to remove lipids and
other substances and centrifuged; the or-
ganic phase was removed, and melatonin
was extracted into ten volumes of
chloroform by gentle shaking; the aque-
ous phase was discarded, and the organ-
ic fraction was transferred to a fresh
tube, and then evaporated to dryness un-
der nitrogen. Benzene (1 ml) was added
to the residue and this solution was dried
with nitrogen to remove traces of water
that would interfere with derivatization.

The dried extract was dissolved in 0.4
ml of dry acetonitrile. Derivatization was
performed with 25 wl of pentafluoro-
proprionic anhydride (PFPA) catalyzed
with 5 percent trimethylamine in dry
benzene (0.5 ml) at 75°C for 15 minutes.
The structure (Fig. 1) of this product is a
singularly stable spirocyclic compound,
recently described by Blau et al. (I5).
The incorporated fluorine atoms provide
improved electron-capturing properties
essential for negative CI with high sensi-
tivity.

The reaction product (PFP-melatonin)
was washed by vigorous shaking, first
with 1 ml of water and then with 1 ml of
S percent NH,OH. After centrifugation,
the organic phase was removed and
evaporated to dryness under nitrogen.
The dried extract was partitioned be-
tween 0.5 ml of acetonitrile and 1 ml of
hexane by vigorous shaking and centrifu-
gation. After the hexane layer was re-
moved, the acetonitrile was blown to
dryness with nitrogen. Partitioning was
repeated a second time. The dried deriv-
ative was quite stable and could be kept
at —20°C for more than several weeks.
Washing the derivative protected the GC
column from destruction by unreacted
PFPA; partitioning the derivative re-
duced interference from electron-captur-
ing background that might elute with the
solvent and obscure the sample peaks.

Before injection onto the GC, the
dried derivative was dissolved in 15 ul of

742

ethyl acetate. Approximately half of this
volume was injected into a glass column
(5 m by 2 mm, inside diameter) packed
with 1 percent OV-225 on 100- to 120-
mesh Gas-Chrom Q (Applied Science)
operated at 235°C with methane as car-
rier gas. The melatonin eluted after 4 to 6
minutes; the column effluent was di-
verted from the ion source for the first 2
to 3 minutes. Mass spectra were record-
ed with an Extranuclear SpectrEl elec-
tronics and a Finnigan 3200-GC-CI ana-
lyzer. A Cu-Be electron multiplier
(F4074, ITT) was used as described by
Stafford (16) with the first (conversion)
dynode operating at +2 kV, the second
dynode at —2.0 to —2.5 kV, and the sig-
nal referenced to ground. Figure 2 shows
the positive and negative CI mass
spectra of PFP-melatonin. Tetradeute-
rated melatonin showed the expected
shift of 4 atomic mass units by positive
CI analysis. However, negative CI re-
vealed a shift of 3 atomic mass units for
the fragment ions m/e (mass to charge)
320 and 340, consistent with the sequen-
tial losses of DF and HF from the molec-

‘ m/e
Fig. 4. Negative
chemical- ionization
selected ion recording
of an extract of 1 ml
of human plasma,
with an internal stan-
dard (19 pg/ml) (m/e
323) and endogenous
melatonin (50 pg/ml)
with mass fragment
ions of m/e 340 and
mle 320 (attenuated,
X 2.5).

340

323

320

Table 1. Range of concentrations of melatonin
in human plasma or serum. Some values were
estimated from graphs. Only Smith et al. (9)
and the GC-MS techniques have corrected for
recovery.

Nadir Zenith
(pg/m)  (pg/mD) Method
Bioassay
0 28-84 Pelhamet al. @)
0-370 0-400 Vaughanet al. (5)
Radioimmunoassay
132-162 188-258 Arendtet al. (6)

* 188-481 Wetterberg et al. (7)
45-60 130-140 Arendtet al. 8)
11-32 42-110 Smith et al. (9)

7.5-20 40-100 Kennaway et al. (3)

Gas chromatography-mass spectrometry
25-40 125-440 Wilson et al. (10)
1.5-4.9 19.4-42.6 Lewy and Markey

*All samples were collected just before breakfast.
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Fig. 5. Melatonin secretion, over a 24-hour
period, in four normal subjects (two males
and two females); the expected nighttime rise
and daytime decrease are shown.

ular anion. The m/e 320 in the negative
spectrum was eight times more intense
than m/e 340 and 150 times more intense
than m/e 361 (protonated molecular ion)
in the positive spectrum. Thus, the nega-
tive spectrum permits a highly sensitive
detection of melatonin at m/e 320, as well
as measurement of m/e 340 for con-
firmation of assay specificity.

A typical standard curve is shown in
Fig. 3, which is linear between 0.5 pg/ml
and at least 200 pg/ml. The minimum de-
tectable concentration is approximately
1 pg/ml (plasma), of which 200 to 500
femtograms was injected. When the
chart paper is run at high speed (5 cm/
min), the chromatographic peaks can
be examined for symmetry and the
absence of ‘‘shoulders’” as an addi-
tional assurance of specificity. Typical
signals from 50 pg of nondeuterated me-
latonin and 19 pg of tetradeuterated me-
latonin in a plasma sample are shown in
Fig. 4. Variability within and between
assays was 6 percent and 10 percent, re-
spectively, for a pooled daytime plasma
(approximately 10 pg/ml).

Analysis of plasma from two male and
two female normal subjects is shown in
Fig. S. Daytime values were as low as 1.5
pg/ml, nighttime values were as high as
42.6 pg/ml, showing a 25-fold fluctua-
tion. The timing of the highs and lows of
melatonin levels with the dark-light cycle
is consistent with previous reports.
However, nighttime values are some-
what lower and daytime values are
markedly lower than most previous re-
ports (see Table 1), in which the dynamic
range is considerably smaller. Values
published a few years ago (Table 1) are
considerably higher than those reported
more recently; however, there appears
to be a trend toward the levels found
with negative CI GC-MS. Negative CI
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MS may help to resolve controversies
generated in the last few years regarding
the exact amount and range of melatonin
secretion in humans and regarding the
nature of (i) pulsatile secretion, (ii) extra-
pineal sources (such as brain, peripheral
nerve, harderian gland, retina, gastroin-
testinal tract), and (iii) urinary excretion.
Although the negative CI GC-MS
technique is practicable for routine anal-
yses of plasma (120 analyses per week),
RIA’s offer somewhat greater efficiency
for analysis of larger numbers of sam-
ples. The RIA techniques do not require
expensive equipment, and they provide a
convenient means of assay that could be
used for routine analyses; GC-MS could
be reserved for validation of antiserum
specificity and extraction procedures. In
addition, the high sensitivity and selec-
tivity attainable with negative CI GC-MS
offers increased opportunity for detec-
tion and quantification of other trace or-
ganic compounds in a biological matrix
at concentrations of parts per trillion.
ALFRED J. LEwy
Clinical Psychobiology Branch,
National Institute of Mental Health,
Bethesda, Maryland 20014
S. P. MARKEY
Laboratory of Clinical Science,
National Institute of Mental Health
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Cellulose to Sugars: New Path Gives Quantitative Yield

Abstract. Cellulosic residues that had been treated with a small amount of chem-
ical solvent under room conditions were quantitatively saccharified on enzyme hy-
drolysis. This treatment can be used to obtain simple sugars for the production of

alcohol and other chemicals.

We have found a way to obtain quan-
titative yields of glucose from the alpha
cellulose in agricultural residues. Corn-
stalks, bagasse, alfalfa, tall fescue, and
orchard grass pretreated with an organic
solvent give up to 99 percent glucose
conversions on hydrolysis by cellulase
enzymes from Trichoderma reesei
(formerly T. viride).

The saccharification of cellulosics has
been studied for 90 years (/, 2). To date,
cellulose hydrolysis has been accom-
plished by using either acids or enzymes
(2-5). However, sulfuric acid promotes
the formation of undesirable sugar side
products (2). This problem does not exist
when cellulose is hydrolyzed by the mul-
ticomponent enzyme system known as
cellulase. This system hydrolyzes cellu-
lose, a high polymer of glucose, to cello-
dextrins, which are water-soluble poly-
mers with a degree of polymerization of
< 6, and to glucose (3-5) without the for-
mation of other, undesirable side prod-
ucts. Cellulase from Trichoderma reesei
is of practical interest since recent pilot
studies and the development of a hyper-
producing mutant indicate that com-
mercial production of this enzyme is fea-
sible (6-8). A drawback to the use of cel-
lulases has been their inability to rapidly
and totally degrade native cellulose (9).
The crystalline structure of cellulose and
the lignin that physically seals the sur-
rounding cellulose fibers make enzyme
hydrolysis difficult by protecting the cel-
lulose from contact with the enzyme.

To quickly and accurately quantify
cellulose in various samples of cellulosic
residues, we wished to develop an analy-
sis that would involve (i) extraction of
the cellulose from the sample, (ii) hydrol-
ysis of the cellulose by either an enzyme

or an acid, and (iii) calculation of the cel-
lulose content from the hydrolysis kinet-
ics. An extensive literature survey was
undertaken to screen for cellulose
solvents suitable for this purpose. Four
major categories of solvents were uncov-
ered: strong mineral acids (10); quaterna-
ry ammonium (Triton) bases (benzyltri-
methylammonium hydroxides) (I1); apro-
tic solvents (dimethyl sulfoxide-para-
formaldehyde, nitrosylics, sulfur ox-
ides, and oxychlorides) (12); and metal
complexes such as cupriethylene di-
amine, cadoxen, and zincoxen (13). Al-
though these solvents have been used for
viscometric studies of cellulose (I4), the
combination of solvent pretreatment and
enzyme hydrolysis appeared to be a new
concept.

A combination of intuition and trial
and error resulted in the choice of cadox-
en as a solvent. Cadoxen is a colorless,
odorless solvent made by dissolving
percent cadmium oxide in 28 percent
aqueous ethylenediamine. Procedures
for making the solvent and its properties
have been described (I15-17).

The application of cadoxen in an ana-
lytical procedure worked well. Cellulose
from various samples was extracted in
excess cadoxen and hydrolyzed. The hy-
drolysis gave quantitative conversion of
cellulose to sugars. Thus, the cellulose
content could be directly calculated from
the quantity of sugar formed without us-
ing complicated kinetic equations.

Success with the analytical procedure
led to the development of a process that
should be feasible on a commercial
scale. In this process, particles of cellu-
losics in the size range 0.5 to 2 mm (or
larger) are placed in small amounts of
cadoxen at room temperature and let
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