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CHAPTER 1
INTRODUCTION

The stable isotopes of carbon, oxygen, nitrogen, and sulfur (ICONS)
are useful tracers for many applications where the use of radioactive
tracers would be undesirable (e.g., medical or environmentél studies).
The ICONS program at Los Alamos Scientific Laboratories was inifiated
to provide quantities of separated stable isotopes at a reasonable
cost so the use of these isotopes could be assessed in a variety of
research areas (1). It was proposed that 13C, as depleted and/of
enriched compounds, could be used to study organic compounds in natural
water systems. A literature search revealed that procedures had not been
delineated for the isotopic analysis of compounds that are randomly
labeled by living organisms. Such compounds may be produced with a high
stable isotope content. This is desirable since highly enriched compounds
provide increased sensitivity for detecting the tracer. Consequently,
the thrust of the project was directed towards the analysis of biosyn-
thetically labeled compounds.

In recent years the supply of the stable isotope 13C has increased
.dramatically (1,2). The resulting decrease in cost has stimulated the
use of 130 as a label in chemical, biochemical and medical research.
While most of the reported work has involved the production and/or use
of specifically labeled compounds, there is increasing interest in the

biosynthetic production of highly enriched compounds (3,4). Such



materials pose two analytical questions; i.e., the overall 13C content
and the distribution of 13C in the molecules.
Several analytical techniques may be used for 13C analysis. The
. . 12 13
counting of prompt gamma rays from the reactions ~ C(p,v) ~N and
1 1 1
30(p,y) 4N has been used to assay 3C content (5,6). However, the
method has a 20% variability and is most applicable to samples with a
low 130 content. Infrared spectrometry has been used to measure the
13

C content of carbon monoxide (7), but this method is restricted to

simple molecules or gases (e.g., €O, from combustion).

2

Generally, mass spectrometry has been used to analyse stable iso-
topes, and in recent yvears, gas chromatography mass spectrometry (GC-MS)
has come into increasing use (8-10). The selected ion monitoring (SIM)
technique provides an accurate GC/MS measurement of isotope ratios (11).
However, the SIM method may be subject to error when an analysis of
large, highly-enriched molecules is required. So, spectral scans of
the molecular ion region were used in the present study. This procedure
prbvided no iﬁformation about the location of the 13C atoms; buf, as
seen in Chapter IV, the complete spectral scan did not provide that
information either.

Since 13C nuclear magnetic resonances are extremely semsitive to
the location of the 13C atom in a molecule (4), the technique was used
to determine the label distribution.

Because of their biological importance and because their mass
spectra were well documented (see Chapter 1IV), fatty acid methyl esters
(FAMEs) were selected as model compounds for this study. The standard

notation is used to designate individual compounds; such that, the 18:2



FAME has a chain length of eighteen carbon atoms and contains two double
bonds (methyl octadecadienoate).

Biosynthesis is the preferred method of preparing a variety of fatty
acids that are multiply labeled with 13C. Auxotrophic organisms require
acetate, glucose or some other substrate as their source of 13C. Even
if such a substrate had been available, the expense would have been pro-
hibitive. The autotrophic algae were selected for use in this study
since the readily available carbon—lBC dioxide could be used as the.
carbon source.

Except as noted in the text, the data for this study is recorded
in LA notebooks R-2361 and 18108. These notebooks are on file at the

Report Library of Los Alamos Scientific Laboratories.



CHAPTER TII

BIOSYNTHESIS OF 13C LABELED FATTY ACIDS

Introduction

The first consideration was to select a species of algae, and
several factors had to be considered. A suitable fatty acid profile was
necessary; i.e., the species should produce fatty acids of several

chain lengths and several degrges of unsaturation. The blue-green algae

Anabaena cylindrica, A. flos-aquae, Spirulina platensis (12), Aggeneilum

quadruplicatum, Plectonema terebrans, Oscillatoria williamsii (13),

Lyngbya aestuiri, Chroococcus turgidus (14), Nostoc muscorum, and

Chloragloea fritschii (15) all qualify. This requirement would also be

met by most of the green algae; for example, Bracteacoccus minor,

Chlorella vulgaris, C. fusia (16), C. ellipsoidea (17), Coelastrum

microsporum, Scenedesmus quadricauda, and Chlorella pyrenoidosa (14).

The selected species should also be easy to cultivate and have a

high growth rate. Of the numerous possibilities Chlorella pyrenoidosa

is outstanding in both characteristics (18-20). Also, a high tempera-
ture strain (Tx71105) which has a high rate of growth has been isolated
(21-23). Experimentally, the high culture temperature (37-39°C) is much
easier to maintain, since only part of the heat from light sources must
be dissipated. The growth inferred here is an increase in the number

of cells per unit volume, rather than an increase in cell size. Of



course, in a continuous culture both processes proceed concurrently.

In the preparation of labeled compounds an important consideration
is the efficiency of converting a labeled substrate into the desired
compound(s). For biosynthesis with algae this is a two part considera-
tion; namely, the percent of the supplied carbon that is incorporated
into cellular material and the percent of fatty acids in the cellular
material. It has been shown that over 70% of the carbon supplied as
carbon dioxide is converted into cellular material by Chlorella
pyrenoidosa (24).

The amount of fatty acids in the cellular material correlates with
the amount of total lipid and depends on environmental conditions (25).
C. pyrenoidosa grown in a medium with low nitrogen concentration have
a ‘higher weight percent of lipid (26,27). It was also found tﬁat lipid
accumulation was favored when nitrogen was supplied as ammonium rather
than nitrate (26). Under low nitrogen conditions high light intensity
favors the accumulation of lipid (26). This is likely due, at least
in part, to the inhibitory effect of light on cell division (23). Also,
C. pyrenoidosa produce more lipid with increasing age of the culture
(26,27).

The fatty acid composition is dependent on the stage of growth and
environmental conditions. In a synchronous culture of C. pyrenoidosa
the amount of 16:0 and 18:2 fatty acids show a marked increase as the
growth cycle proceeds toward cell division (28). Polyunsaturated fatty
acids predominate in Chlorella grown in high-nitrogen medium, whereas
16:0 and 18:1 fatty acids are preferentially produced in low-nitrogen
medium (16,26). As the culture temperature is increased from 22°¢ to

38°C Chlorella fatty acids show a decrease in the number of double bonds



per molecule and show a lower average chain length (29).

Culture Procedures and Results

Culture Medium

All algae production experiments were carried out aseptically in
a culture medium similar to media used previously for growing Chlorella
pyrenoidosa (24,30). The various nutrient concentrations are given
in Table I for the three media used. In all experiments carbon dioxide
was the carbon source. The high nitrogen concentration in these media
will produce a relatively low percent of cellular lipid, however the
growth of the algae is much faster than with lower nitrogen concentra-

tions so more lipid is produced in a shorter time (25,27).

Cell Culture in a Fermentor

Initially, an effort was made to produce algae in a New Brunswick
CF-250 Fermacell fermentor. The Fermacell fermentor has a stainless
steel vessel, so an internal light source was necessary. Figure 1
shows a sketch of the light source that was constructed for these
experiments. The light source was designed by C. T. Gregg and con-
structed by the Shops Department of Los Alamos Scientific Laboratories.
The discharge lamps are 250 watt General Electric Lucalox lamps
(LU 250/BD). The three lamps were wired individually, so any one or
any combination could be turned on as desired. At a distance of eleven
inchesbeach lamp produced a light intensity of 16,000 lux. The lamp
ballasts were controlled by a powerstat, so the intensity of each lamp

could be controlled between 16,000 lux and 2000 lux.



NUTRIENT CONCENTRATIONS IN CULTURE MEDIA

TABLE I

Medium A% Medium B#* Medium C*#*
KNO, 1.4 g/l 9.1 g/1 1.0 g/1
KH, PO, 2.5 3.0 -
K,HPO, - - .25
MgS0, . 7H,0 5.0 5.7 .25
CaCl, .022 .034 .010
NaCl 2.0 2.0 .010
FeCl ;. 6H,0 241073 1.9x1072 -,
Iron Ammonium Citrate - - 5.0%x10
H,BO, 2.9x1073 5.7x10 > 2.9%107>
MnCL, .4H,0 1.8x1073 3.6x107° - ,
MnSO, " - 1.5}410—4
ZnS0, . TH,0 - 2.2x10 4.4x10 2.2x10
CuSO4.5H20 7.9x107° 1.6x10™% 7.5%10"°
Na, 00, . 25,0 3.2x107° 6.4x10"° -
(NH,) (Mo,0,, . 6H, 0 - - 1.8x107°
KCr(so4)2.12Hzo 9.8x 10 2.0x10 -
N, VO, 2.3x10:z 4.6x10—§ -
NaWO4.2HZO 1.8x10 3.6x10 -
NiS0, . 61,0 4.5%107° 9.0x10 > -
KT1(C,0,) . 2H,0 7.4x107° 1.5%10 -
CO(NO3)2 6H,0 5.0x10 > 1.0x107% -
KOH .28 .56 -
EDTA .50 1.0

* Ref. (30)
*% Ref. (24)
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Agar slants of Chlorella pyrenoidosa (high temperature strain

Tx~71105) were obtained from the Starr Collection, Department of Botany,
Indiana University, Bloomington, Indiana. These slants were used to
inoculate a 500 ml spinner flask. After about seven days of growth,
the spinner flask was used to inoculate a fresh spinner flask and a 14
liter New Brunswick MF-114 Microferm fermentor. After 7 to 14 days of
growth this small fermentor was used to inoculate the Fermacell fermen-
tor. Standard fluorescent (cool white) and incandescent lamps were
used to provide light for the spinner flasks and the Microferm fermentqr.
Little or no growth was observed in the Fermacell fermentor whether
using medium A, B or C. Cells in solution clumped badly and cells
became caked on the light source, and on vessel wails and agitation
baffles near the light source. Therefore, experiments with the fermen-

tor were discontinued.

Cell Culture in a Polycarbonate Growth Chamber

The polycarbonate culture chamber (Figure 2) was designed by
V. H. Kollman and built by the Shops Department of Los Alamos Scien-
tific Laboratories. It is analogous to the lucite growth chamber
described previously (24). The box was half-filled (20 liters) with
medium and oscillated horizontally at 28 cpm. The curved ends of the
box produced enough wave action to wash all interior surfaces. This
insured uniform distribution of nutrients, aided temperature control
and maximized cell exposure to light in dense cultures.

Light was provided by very high-intensity natural-outdoor fluores-
cent lamps (Sylvania) mounted above and below the culture box. Only

one lamp was used to start each batch, and then additional lamps were
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11

turned on until the light intensity was 70,000 lux at the surface of the
box. The heat produced by the lamps was dissipated by fans externally
and by cooling coils internally. A temperature controller operated a
solenoid valve which regulated the flow of ethanol-water coolant (at OOC)
from a refrigerated bath to maintain the medium temperature (37OC).

A pH controller automatically added carbon dioxide to maintain the
pH. When nitrate (rather than ammonium) was used as the nitrogen source,
002 fixation caused an increase in pH. When the pH reached 7.4vcarbon
dioxide was added until the pH of the medium was reduced to 7.2. Excess
gas was vented through gas-washing bottles filled with sodium hydroxide
in order to recover unused carbon—lSC dioxide.

The C. pyrenoidosa culture was started in a sméll spinner flask as
described in the previous section. The small spinner flask was used to
inoculate a large spinner flask (2 liter) which in turn was used to
inculate the culture box. Medium C was used throughout this procedure.
Since optical density is a linear function of the number of cells per
volume (31), cell growth was monitored by measuring the absorbance at

550 nm (A__,) on a Bausch and Lomb Spectronic 20 spectrophotometer.

550

Several batches of algae were grown with natural abundance carbon
dioxide using the polycarbonate culture chamber. The first batch was
inoculated from a spinner flask, and successive batches were inculated
by leaving about two liters of algal suspension in the culture chamber
at the time of harvest (LA notebook R-2538, pp. 6-21). The inoculum
for the batch grown on carbon-lBC dioxide had an A550 of 5.11 au. As
seen in Figures 3 and 4 there was a period of exponential growth

followed by a period of nearly linear growth. This behavior is char-

acteristic of cultures that change from light-saturated growth to



ASSO

30

40 50

Time in Hours

Figure 3.

Algal Growth Curve

60

70

12



10.0

8.0

6.0

4.0

2.0

13

L

1 L L ] L

10

Figure 4.

20 30 40 50 60.
Time in Hours

Semi-logarithmic Plot of Algal Growth

70



14

light-limited growth as the optical density of the culture increases
(32). For the purposes of this study the period of slower growth was

beneficial since older cells have a higher lipid content (26,27).

Based on the initial and final absorbance values, the growth of this
3C—enriched batch progressed through 5.0 generations. During exponen-
tial growth the cell generation (doubling) time was 9.6 hours.

In order to minimize the various processes (respiration, autoxida-
tion, etec.) that might affect the fatty acid composition, the algae were
harvested directly into 24 liters of 2 N saline and ice. The cells were
separated from this solution by centrifugation using a Sharples Model
16 open-type continuous-flow supercentrifuge. The‘temperature after
centrifuging was 4°C.  The cells were frozena lyophilized and stored at
-20°C. The harvest produced 2.6 g (dry weight) of cells per liter of

medium.

13

The C content of the administered carbon~130 dioxide was 91.2

mol % (LA notebook R-2538, p. 19). The 13C content of the cells was

82.7 + .4 mol % (LA notebook R-2538, p. 20).



CHAPTER TIII

ISOLATION OF PURE FATTY ACID METHYL

ESTERS FROM ALGAE
Extraction of Lipids

Evaluation of Extraction Methods

Although many solvents and solvent systems have been used to ex—
tract lipids from algae, 2:1 (v/v) chloroform/methaﬁol is the solvent
system used most often. When any justification is offered, the work of
Folch, Lees and Sloane-Stanley (33) and/or Bligh and Dyer (34) is
usually cited. However, these investigators did their work with animal
tissues. While chloroform/methanol éxtracts more lipid from algae than
other.sblvents'(BS), particularly nonpolar solvents (36), reports on -
the completeness of 1lipid extraction® are not in agreement. Gellerman
and Schlenk (35) report that treatment of extracted cells (Ochromonas
danica).with alkali "released an additional amount of fatty acids
equal to that obtained via the initial extraction." However, Chuecas
and Riley (36) used the same method to evaluate the completeness

of extraction and obtained a quantitative extraction of '"a composite

%
Fatty acid content was used as a measure of the amount of 1lipid

extracted.

15
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sample of phytoplankton'" by repeated extraction until the extract became
colorless. Nichols and Appleby (37) report that chloroform/methanol

extracted 75 percent of the total lipids from Monodus subterraneus,

as compared to treating the extracted cells with 6 N HCl and again
extracting with the same solvent. However, it is true that the ease
with which lipids are extracted depends on the particular species.

Lipid extraction is particularly difficult from Cyanidium caldarium

(38), Chlorella pyrenoidosa (25,39), Achromonas danica (35), and

Monodus subterraneus (37). Not only does the extracting solvent effect

the amount of 1lipid,* but using a nonpolar vs a polar solvent may alter
the fatty acid range and even alter which fatty acids are major. com-
ponents (36).

One way of improving the speed and completeness of extraction is
to mechanically break the cell walls by grinding, homogenizing, or
sonicating. However, if the lipids are to be separated into classes
prior to fatty acid analysis, this procedure is not recommended. Allen,
Good and Holton (38) report finding "appreciable quantities of lysolipids
and fatty acids indicative of enzymatic degradation" when homogenization
was used.

An alternative to lipid extraction is to heat the wet cells with a
KOH/methanol /water solution to directly saponify the lipids. However,
even this does not assure complete removal of fatty. acids from some
algae, notably Chlorella (40,41). Besides, the use of concentrated base

and/or prolonged heating poses the danger of isomerizing polyunsaturated

*
Fatty acid content was used as a measure of the amount of lipid

extracted.
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acids (42).

It must be concluded that no one extraction procedure has been
shown to be generally applicable. Therefore, each worker is obliged to
determine the procedure best suited to the species studied and to the

purpose of the investigation.

Algae Extraction

As noted above, the extraction of lipids from Chlorella is difficult
so exhaustive extraction in a Soxhlet apparatus was used. A chloroform-
methanol mixture was selected as solvent, since it has been sﬁown to be
the best solvent for several classes of lipids (43,44). A chloroform-
methanol ratio of 3.5:1 (by volume) was used since this azeotropic com-
-position has a low beiling point (45). 1In order to further reduce thev
extraction temperature, the apparatus in Figure 5 was designed. All
standard taper joints were Clear—Seaf:)joints (Wheaton Scientific) or
had teflon sleeves, so the extraction could be carried out at a reduced
pressure. Thus, the maximum temperature during extraction was 40°C.

The condenser design combines high-flux capacity in the lower
portion with high efficiency in the upper portion. A refrigerated bath
~supplied water (1000) to the condenser. The three-way teflon stopcock
was connected to a vacuum controller (Conodyne Corporation Model H20LV)
through one arm and a nitrogen supply through the other arm. At the
beginning of an extraction the pressure was reduced and the apparatus
back-filled with nitrogen several times to establish an inert atmos-
phere. The reflux temperature was set by adjusting the vacuum con-

troller. The boiling flask was heated with a water bath.
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An extraction of 3.4 g of natural abundance Chlorella yielded 20.1Y%
lipid. An extractiom of 3.2 g of 13C--enriched Chlorella yielded 21.8%
lipid. ©No attempt was made to determine the percent of fatty acids.

The natural abundance extract was used to develop the separation methods

described later.
Esterification

Workers in the area of algal lipids have shown a decided preference
for the use of diazomethane in the preparation of methyl ester deriva-
tives of fatty acids. This is doubtless because the reaction is quite
rapid in ether solution. As described by Schlenk and Gellerman (46),
this method is quantitative, does not produce artifacts, and does not
require aqueous extractions for the removal of reagents. The explosion
and toxicity hazards are minimal when this procedure is used for small-
scale preparations. It has been shown that there is no significant
loss of polyunsaturated acids during esterification with diazomethane
(47). While the esterification step is fast, it must be preceded by
a saponification process which is ﬁime-consuming (48).

A second widely used esterification method involves boron trifluo-
ride as a catalyst. A 12 to 14% solution of BF, in methanol completely

3

esterifies fatty acids in 2 minutes (49). The procedure of Metcalfe,

Schmitz and Pelka (50) hqs,recéived the approval of the Instrumental

Committee of the American 0il Chemists Society (51). However, it has
been repqrtéd that aged reagent, a prolonged reaction time, or a high

gﬁj/tbncentration (e.g., 50%) produces artifacts (48,52,53). Lough (54)

identified the artifact from the methylation of oleic acid as a methoxyl
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substituted ester. Since the reaction time is relatively long (e.g.,

25 min for triglycerides) for the transesterification procedure of
Morrison and Smith (53), artifact production is more likely, and this
procedure has received little acceptance. Consequently, a saponification
process must precede the use of BF3 in methanol.

Since saponification poses the danger of double bond isomerization
in polyunsaturated acids (42), a transesterification procedure was deemed
more desirable than either of the above methods. Either 1 to 27 sulfuric
acid or 5% hydrochloric acid in anhydrous methanol can be used té trans-
esterify lipids without producing artifacts (48). Several workers have
used 2,2-dimethoxypropane to scavenge water, and hence assure a quanti-
tative reaction (55-57).

In this study a modification of the procedure of Mason and Waller
(56) Qas used for up to 100 mg of lipid. To each lipid sample was
added:

4.0 ml benzene (AR, dried over sodium)
0.1 ml 2,2-dimethoxypropane (Dow Chemical Company,
redistilled)
0.5 ml 3% HCl in Lipopure methanol (Applied Science
Laboratories)
After sitting overnight at room temperature, the solvent and HCl were
removed under a stream of nitrogen. The residue was dissolved in

carbon disulfide for analysis by gas chromatography.
Autoxidation

In the extraction and subsequent handling of lipids and fatty



21

acids care must be taken to avoid loss of polyunsaturated acids due to
autoxidation, i.e., oxidation by atmospheric oxygen (58). In order to
increase the length of the induction period and to decrease the rate of
oxidation, the temperature should be kept low and exposure to oxygen
should be minimized (59,60). Autoxidation has been discussed in depth
by Scott (61). |

While it is best to minimize the time between extraction and
analysis, sample storage is sometimes necessary. In which case, the
samples should be kept in the cold either in a petroleum ether solution
under nitrogen (35,62-64) or in vacuum-sealed vials (35). Several
workers advise adding antioxidants to the solvents used (36,37,65).

In accordance with the observation of others (36,60), no loss of
polyunsaturated acids was observed prior to separation from .the naturally
occurring antioxidants in the crude extract. Individual FAME were
purified as near the time of analysis as practicable, and stored under

nitrogen until analysis.
High-Performance Liquid Chromatography

Introduction

Only'a'few yeafs ago, liquid chromatography was used for analysis
as a last resort. WhileAthe method was pofentially applicable to any
liquid or solid mixture, it required considerable time, had low repro-
ducibility and inadequate monitors for the column effluent. Today,
high-performance liquid chromatography (HPLC) is the method of choice

for a wide range of separation problems. This renaissance has been the



result of concomitant advancements in three areas: column packing
materials, instrumentation and detectors.

Column efficiency in all modes of liquid chromatography (absorp-
tion, liquid partition, ion exchange and gel permeation) has increased
dramatically as a result of three developments in column packing mater-
ials. First, surface coated (pellicular) packings were developed to
provide faster mass transfer (66-68). These packings have an "active"
layer on the surface of a solid bead. So the diffusion path in the
pores of the packing material is much shorter, and equilibrium of the
solute between the mobile phase and the stationary phase is more rapid.
This rapid equilibration minimizes band spreading and greatly increases
column efficiency. However, since these packings héve a very limited
surface area, they have a small sample capacity.

A second develoﬁmént in packing materials was very small, totally
porous beads having diameters of less than 50 um (69). Columns packed
with microspheres of 5- and 10-um-diam particles are now commercially
available (70). Not only are these microspheres at least 10 times more
efficient than pellicular packings, but their surface area is up to
100 times greater (71,72). This increased surface area provides efficient
separation of much larger samples.

The third major advance in packing materials was the development
of chemically bonded stationary phasesl(73—75). These packings are
prepared by allowing an alcohol or alkoxysilane to react with the sur-
face of a pellicular or microsphere packing material. By incorporating
various functional groups it is possible to obtain a wide range of

polarity for the stationary phase. The most common functional groups
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are sulfonate, amino, cyano, phenyl and octadecyl (in order of decreas-
ing polarity). These packings are used with solvents ranging in polarity
from water to fluorocarbons for both normal and reversed phase separa-
tions. In a reversed phase separation the mobile phase is more polar
than the stationary phase.

Inherently, a narrow-bore column packed with one of the small-
diameter packings has a high resistance to flow, so a 1000- to 5000-psi
pump is necessary to obtain an adequate flow rate (76,77). Several
types of pumpé have been developed for HPLC (78,79), but the small
displacement, reciprocating pumps have several advantages. Firét, they
provide a continuous flow of solvent without stopping for a periodic
refill as is required for a syringe pump. This is significant in
preparative separations. Second, a continuous- or step—gradient may be
produced in the solvent reservoir that feeds the'bump. Third, the
problem of gas bubbles in the detecﬁor cells is minimized, since a
‘pressurized gas does not interface with the solvent. Also, the positive
displacement of a piston pump makes it possible to easily reproduce
flow rates from one day to the next. Finally, with a small-displacement
piston pump, it is possible to accomplish difficult separations by the
recycle technique.h

A number of detectors have been developed (81), but the differen-
tial refractometer (ARI detector) and the ultraviolet absorption detector

are considered standard equipment with most HPLC systems. Both detectors

have small cell volumes (< 10 ul), are convenient to use, and are

In the recycle technique the eluent emerging from the detector is re-
turned to the pump and again through the column (80). This effectively
increases the column length without increasing back pressure and with-
out investing in additional columns.
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moderate in cost. Typically, a ARI detector has a full-scale sensitivity
of ARI = leO-S, and a UV detector has a full-scale sensitivity of 0.1
o.d. unit. The combination of sensitivity and small cell volume give a
detection limit of about 10—6 grams for the ARI detector and about 10
grams for the UV detector (82). On the other hand, by using large col-
umns and attenuating the detectors, samples of several grams may be mon-
itored and fractions collected. While each detector suffers the dis-
advantage of not responding equally to various components, dual UV-ARI
detection can successfully monitor components of a very complex mixture
(83). Recently, the use of the fluorescence and variable wavelength
detectors has increased significantly.

Since a narrow-bore column filled with microspheres has a émall
interstitiai volume, HPLC provides very rapid analysis. Whereas thin-
layer and column chromatography have relatively long separation times
(thirty minutes to days), HPLC separations usually require less than
thirty minutes. The separation conditions of those methods are a use-
ful guide in choosing ﬁhe.conditions for HPLC (84). While separations
are developed on an analytical scale, the separation may be scaled up

to achieve the same degree of resolution for preparative work (83).

Theory

A separation may be evaluated by determining the resolution between
two components. As shown in. Figure 6, resolution is usually defined
as the distance between the peak centers divided by the average base
width of the peaks. From this simple concept of resolution may be

derived an equation that relates resolution to the three fundamental
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parameters of a chromatographic separation (85); namely,

A K'
—{o — 1 2
R = 1/4/1\1( " )(1+K§)

The three parameters are defined in Figure 7, where VO is the void volume

of the system. The number of theoretical plates, N, indicates the

column efficiency, which is determined by the physical characteristics

of the packing material and the solvent (86). Pellicular packings will
typically produce 3000 theoretical plates/meter, while microspheres

can attain efficiencies of 10,000 theoretical plates/25cm (72). The
selectivity, o, depends on the chemical interactions between the solute
and the two chromatographic phases (87). The retention, K', (or capacity
factor) is a measure of the rate of migration and is determined by the
partitioning betweén the mobile phase and thé stétionary phase. Figure

8 illustrates the effect these parameters have on resolution.

Since the height equivalent to a theoretical plate (HETP = N/column
length) is a function of the linear velocity (i) of the mobile phase,
there is a trade-off between column efficiency and separation speed. The
van Deemter plot in Figure 9 diagrams this trade-off for both gas and

liquid chromatography (88). 1In the van Deemter equation
HETP = A + B/u + Cu

the A term is a measure of eddy diffusion, the B/u term is the result
of molecular diffusion of the solute in the mobile phase, and the Cu
term is the consequence of slow mass transfer of solute between the

mobile and stationary phases. For HPLC the molecular diffusion term
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is usually negligible (89). Empirically, it has been shown that for the
mass transfer term the linear velocity has an exponent (90). So, for

HPLC the van Deemter equation reduces to
HETP = A + Cy'

where n < 1. The value of n ranges from .50 to .75 for porous particles
smaller than 40 um (91).

The practical result of this equation is very low HETP values,
limited by eddy diffusion. Thus, the column has a high efficieﬁcy; i.e.,
a large number of theoretical plates. Also, the linear velocity can
vary over a rather wide range with only a small sacrifice in efficiency.
So HPLC is normally performed at a linear velocity Well above that

of maximum efficiency (p for a uBondapak-C
o

). TFor example, My

pt pt 18

column (water/acetonitrile mobile phase) corresponds to a flow rate of
about 0.2 ml/min (92), whereas the normal operating flow rate is 1-2

ml/min. At this uopt the column exhibits an HETP of about .03 mm (92).
FAMEs for GC/MS Analysis

Instrument and Supplies

The solvents used in this section were analytical reagent grade
and were used without further purification except for hexane. Hexane
from severai sources exhibited significant UV absorption. The UV-
absorbing impurities were removed by passing the hexane through a 3 x
20 cm column filled with 200 mesh silica gel (MC/B, activated at 22000).

Pesticide grade hexane from MC/B was free of UV-absorbing impurities.
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Reference FAMEs (99+7 pure) were obtained from Applied Science
Laboratories.

All of the columns shown in Table II were evaluated for FAME
purification. Only the first six will be discussed in this section.
Except for the Poragel 602 column these columns were dry packed using
the tap-—fill method (93). Frits having a 10 um porosity were used to
hold the packing material in place. The Poragel 602 column was obtained
prepacked. The Vydac CX column was converted to the silver form by pump-

ing 100 ml of 0.01 N AgNO, through the column. Distilled water was then

3
pumped through the column until the effluent remained clear when HC1l was
added,

The work reported in this section was performed on a Chromatec
Model 3100 liquid chromatograph with a differential refractometer
(Waters Associates Model 401) connected to the outlet of the UV detector
(254 nm). For analytical samples a stop flow/septum injection system
was used, and for preparative samples a valve loop injector was used.
The pump was a reciprocating piston type rated at 1000 psi. The flow
rate was controlled by adjusting both the pump stroke frequency and
stroke length.

The pump system was modified in three ways. As an aid for trouble-
shooting, a pressure gauge was inserted between the pump and injector.
The 1/4 inch stainless steel tubing connecting the solvent reservoir to
the pump was replaced with 1/8 inch tubing (2 mm i.d.) to permit faster
solvent change-over. The rubber ring-seal of the piston seal assembly
was removed so that.only teflon and staiﬁless steel were in contact with

the solvent. This permitted chloronated solvents to be used.
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HPLC COLUMNS
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Packing Material

Column Dimensions

Particle
Name Type Length(em) 1.d.(mm) Size (um)
1. Vydac Reverse octadecyl bonded 61 2.1 30-44
Phase to pellicular silica
2. Permaphase-ETH ether bonded to 61 2.1 30
pellicular silica
0
3. Poragel 60A styrene/divinyl 122 7.0 37-75
benzene copolymer
4. Porasil T porous silica 61 2.1 25-37
5. Corasil I pellicular silica 61 3.0 37~-50
6. Vydac CX pellicular strong 91491% 3.0 30-44
cation exchange
7. Fatty Acid (proprietary) 30 3.9 10
Analysis :
8. Porasil A porous silica 122+122%* 7.8 37-75
9. pBondapak-C18 octadecyl bonded 30 3.9 10
to porous silica
10. uBondapak-Cl8 octadecyl bonded 30 7.8 10
to porous silica
% Two columns connected with a low dead-volume connector.
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The pump system imposed several restrictions on the HPLC experiments.
Since there was no pulse damping devise, "pump noise" limited éhe ARI de-
tector to its less sensitive settings. The flow rate was sensitive to
back pressure changes caused by a solvent change or even a change in room
temperature. Only a small part of the rather large cylinder volume
(> 2 ml) was displaced by each piston stroke, and there was a relatively
large volume Between the solvent reservoir and the injection system.

This precluded use of the recycle technique and use of gradient elution.

Separation Methods

The first type of separation required is to separate the FAMEs
from the crude lipid extract. Results from thin-layer and column
chromatography have shown that absorption on silica is an effective
method for this separation (35,94-98). The principles of absorption
chromatography have been discussed in depth by Snyder (99). As was
discussed earlier, pellicular packings provide high efficiency but have
a limited sample capacity. So, a column of totally porous silica
(Porasil T) was connected in series with a column of pellicular silica
(Coracil I). The Porasil T column provides the capacity for a prelimi-
nary separation of up to 20 mg of crude lipid extract. The Corasil I
column then provides a rapid final séparation. The benefit of using a
porous‘packing in series with a pellicular packing has been demonstrated
(100). TFor a mobil phase of hexane/chloroform (95/5) the FAMEs have a
K' of about 1, as seen in Figuré 10. Most of the pigments were adsorbed

strongly on the silica and were flushed from the column with chloroform.
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The second type of separation required is much more difficult
than the first; namely, the isolation of pure, individual FAME.
Since the FAME mixture varies in chain length and degree of unsatufa~
tion, and even contains some methyl substituted FAME, it represents a
virtual continuum of chemical and physical properties. Preparative gas-
liquid chromatography (GLC) cannot adequately separate the components
of a complex FAME mixture. For example, Korn (101) was able to obtain

29 peaks by GLC of the total fatty acid esters of Euglena gracilis,

but by using other fractionation techniques and structure analysis in
combination with GLC he identified 51 fatty acid esters. So, the FAME
mixture requires some form of preliminary separation prior to GC/MS
analysis,

GLC analysis of fractions collected during the separation of the‘
crude lipid extract indicated some fractionation of the FAME mixture
according to the degree of unsaturation. So the FAME mixture was
chromatographed using a mobile phase of hexane/chloroform (99/1). As
seen in Figure 11 a significant fractionation was obtained. However,
since recycle was not possible, the silica columns could not provide
the necessary preliminary separation of the FAME mixture.

The separation of small molecules by gel permeation chromatography
has been reported for Bio-Beads and Sephadex LH-20 (102,103) and for
Poragel (104,105). A Poragel 6OX column (see Table II) was evaluated
with tetrahydrofuran, chlorofofm and toluene as the mobile phase. A
small degree of fractionation by chain length was observed. However,
several more columﬁs plus recycle would have been necessary to achieve

a useful preliminary separation.
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Reverse phase, liquid-liquid chromatography has been used to
separate FAMEs. Two approaches have been used. Some workers have used
a solid stationary phase such as powdered rubber (106,107) or'hydro—
phobic Sephadex (108). These materials concentrate the nonpolar compon-
ent of the mobile phase to form a lipophilic gel. The FAMEs are parti-
tioned between the gel and the polar mobile phase. Alternatively, a
liquid stationary phase such as hexane (109) or silicone oil (35,110)
can be coated on a solid support. A polar mobile phase such as methanol/
water or acetonitrile/water is used with such columns. These later
columns are analogous to HPLC packings having chemically bonded.sta~
tionary phases. Of course, the pellicular packings have a much higher
efficiency. Using methanol/water as the mobile phase, an attempt was
made to separate various FAMES on a Vydac Reverse Phase column and a
Permaphase-ETH column. A satisfactory separation was not found at that
time, however. Aé will be seen later in this chapter, reverse-~phase
HPLC proved to be the method of choice for the preparative separation
of a FAME mixture.

The well known complex formed between silver ion and unsaturated
compounds is the basis of argentation chromatography. In this technique
the absorbent (silica, silicic acid or Kiesilgel) is modified by the
addition of silver nitrate, which retards the migration of unsaturated
FAMEs (111). The resulting separation is based on the degree of un-
saturation irrespective of chain length (112). The separation of
isomers is possible, since the silver complexes with cis-isomers are
more stable than those with trans-isomers (113). Positional isomers

may also be separated (114).



38

Ion exchange resins have also been used as a support for silver ions.
Such columns can be used to separate cis- and trans-isomers (115), as well
as to separate mixtures according to the degree of unsaturation (116).
An advantage of this approach is that polar solvents may be used without
leaching silver from the column. Because of the high efficiency of
pellicular ion exchange packings this method appeared promising. So a
Vydac CX column (see Table II) was converted to the silver form, and a
number of solvent systems were evaluated for use in separating a FAME

mixture. The results from several useful solvent systems are shown in

Table III.
TABLE III
RETENTION OF FAMES ON VYDAC CX—-AG+ COLUMN
K' values for FAMEs

Mobile Phase saturated monoene diene triene
hexane/chloroform, 9/1 24 .61 1.1% NE
chloroform ' .08 .16 .65 ~1,6%
chloroform/acetone, 9/1 .05 .13 .38 ~2 ., 0%
chloroform/methanol, 95/5 <.05 <.05 .22 Al

*

indicates incomplete elution and considerable tailing.
NE indicates that this FAME is not eluted by this mobile phase.

To accomplish a separation for a complex FAME mixture, first the

trienes were separated using chloroform/methanol (95/5) as a mobile
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phase. The other FAMEs were collected near the solvent front. Next,
the dienes were separated using chloroform as the mobile phase. Finally,
the monoenes were separated from the saturates using a mobile phase of

hexane/chloroform (9/1). Since Chlorella pyrenoidosa produce primarily

16~ and 18-carbon chain fatty acids, this argentation separation produces
pairs of FAMEs. As will be discussed later, the monoene fraction con-
tained a methyl substituted FAME which co-chromatographed with the 16:1
FAME, These separations provided 5 to 50 micrograms of FAMEs in each

fraction.

FAMEs for CMR Analysis

Instruments and Supplies

The solvents used for the separation in this section were all
"distilled in glass" solvents from Burdick & Jackson Laboratories.
Before use the solvents were filtered through a 0.45 um pore-size filter
in an all-glass filter apparatus from the Millipore Corporation.
Referencé FAMEs (99+7 pure) were obtained from Applied Science Lab-
oratories.

The columns used in this section were obtained prepacked from
Waters Associates, and are columns seven through ten described in
Table IT.

Two types of chromatographs were used. Work with the fatty acid
analysis column was performed on a Waters Associates Model ALC/GPC-202/
R-401 with a Model 6000 pump. All other separations were performed on
a Waters Associates Model ALC/GPC-244 with a Model 6000A solvent

delivery system and a Model 660 solvent programmer. Both instruments



40

provide UV detection at 254 nm, and both haye a Model 401 differential
refractometer. The pumps for both systems are rated at 6000 psi. The
second instrument provides the option of gradient elution and/or flow

programming.

Separation Methods

Since several milligraﬁs of a pure FAME was desired for CMR analysis,
a larger scale separation was necessary compared to the separations des-
cribed above. This was straightforward for separating the FAMEs from
the crude lipid extract. The Porasil A column described in Tabie i1
was used with a mobile phase of hexane/chloroform (3/7). At a flow
rate of 4.0 ml/min the elution of FAMEs required 34 minutes. As before,
(see page 33), the pigments were flushed off the column with chloroform.

The Porasil A column was also evaluated for a preliminary separa-
tion of the FAME mixture. The recycle technique was used on 83 mg of
FAME mixture, and the sample was passed through the column fifteen times.
On each pass after the fourth, fractions were "shaved" from the front
and back of the FAME peak. On the final pass several fractions were
collected as the FAME peak eluted.

The results of the GLC analysis of these fractions indicated that
a dual mechanism of separation might be involved when using the above
mobile phase. As expected for an adsorption process, the FAMEs were
fractionated according to molecular polarity. So, the C-16 FAMEs were
eluted in the orderkl6:0, 16:1, 16:2 and 16:3, and the C-18 FAMEs

analogously. There also appeared to be fractionation according to
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molecular size, in that a C-18 FAME was eluted before the analogous

C-16 FAME. For example, the 18:2 FAME was concentrated in the fractions
shaved from the front of the HPLC peak, while the 16:2 FAME was con-
centrated in fractions shaved from the back of the peak. As a result of
this dual mechanism the two major components (16:0 and 18:2) were not
separated, but these two were separated from most of the other FAMEs.

On the fifteenth pass the front of the peak was enriched in the 18:2 FAME.

Fractions containing primarily 16:0 and 18:2 FAMEs were pooled.

The mobile phase was changed to 6/4 (hexane/chloroform) so the adsorption
mechanism would dominate, and the pooled sample was injected. .Hexane/
chloroform (6/4) was pumped for 110 minutes and then the ratio was
changed to 3/7. This produced two incomp&etely resolved peaks, the

first being primarily 16:0 FAME and the second being primarily 18:2 FAME.
The overlap region between the two peaks was a composite of several
FAMEs., It was concluded that the Parasil A column could not produce the
high purity FAMEs needed for CMR analysis.

The argentation column used in the previous section had a very
limited sample capacity. Even for the micro-preparative separations
already described, there were occasional problems with column overload.
Using longer columns with a larger i.d. might inérease the capacity by
a factor of 10, but a factor of 100 was needed. Besides, such a large
column would have been prohibitively expensive.

A Fatty Acid Analysis column (see Table II) was evaluated for
separating the FAME mixture. This column was developed for the separa-

tion of free fatty acids using an acetonitrile/water/tetrahydrofuran
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mixture as the mobile phase (117). A number of solvent ratios were tried
in isocratic runs; however, without gradient elution it proved impossible
to find the necessary solvent composition.

At this point reverse phase chromatography was reevaluated for
two reasons. About this time the Waters chromatograph capable of gradient
elution was made available for use. Also, three reports of FAME separa-
tions with reverse-phase packings were published. Several mixtures of
standards were separated using methanol/water as the mobile phase (118),
however these analytical separations were not adequate for use with a
complex FAME mixture. They did show the potential of using reverse-
phase chromatography for FAME separations. The first paper by Scholfield
(119) was an analytical study using a pellicular packing (C18/Corasil)
and the second (120) was a preparative study using Cl8/Porasil. Based
on his earlier work with counter-current distribution, he used acetoni-
trile/water as the mobile phase. Neither the analytical nor the prepara-
tive columns showed the resolution necessary to separate the FAME mix-
ture from Chlorella.

Columns packed with pBondapak-Cl8 were used in preference to those
above. As discussed earlier, microspheres have a higher efficiency and
sample capacity than pellicular packings. While its sample capacity is
less than that of Cl18/Porasil, its efficiency is much higher. About
20 mg of FAME mixture could be separated on this column. Because its
viscosity is lower than that of methanol, acetonitrile allows faster
mass transfer (higher efficiency) and was used for these separations.

If the compounds in a mixture are similar, their relative retention

in reverse phase chromatography is determined by their relative solubility
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in the mobile phase (121). This fact has two results. TFor members of

a homologous series the solubility in a given liquid varies in a regular
manner with chain length. Thus, analogous to GLC, a plot of log corrected
retention volume vs chain length is linear. This was observed in this
study for the saturated FAMEs and has been reported previously (119).
Results indicate that the slope is insensitive to small changes in the
acetonitrile/water ratio, but a shift in the ordinate is observed.

In addition to chain length, the degree of unsaturation determines
solubility. 1In early reverse phase work this resulted in "critical
pairs" (e.g., 16:1 and 18:2 FAMEs) which were inseparable (35,109,110).
Thus, adding a double bond was equivalent to shortening the chain by two
carbons. The effect of chain length and the degree of unsaturation are
both seen in Figure 12. This figure shows that the critical pairs are
indeed separable using HPLC and high efficiency column packings. A pair
may not be completely resolved if one of the FAMEs is a major component

of the sample. In such a case recycle may be used to separate the pair.
Gas-Liquid Chromatography

FAME Identification by GLC

GLC was used in this study to analyze the FAME content of various
HPLC fractions. While GLC is the generally accepted method for the
routine analysis of FAME mixtures, several considerations are necessary
to ensure accurate identification. Some workers have "identified" algal
fatty acids by direct comparison with the retention times of standard

compounds. While this may be adequate for major components or simple
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FAME mxitures, it is not satisfactory for minor componenEs or complex
FAME mixtures, since some pairs of esters are inseparable on certain
stationary phases (see below). The pitfalls of identifying esters by
the direct comparison of retention times can be illustrated by an example
from the work of Korn (101). A symmetrical peak having the same reten-—
tion time as methyl oleate was actually composed of five different com—
ponents, and methyl oleate was only 10 percent of the total.

While ﬁolar stationary phases (e.g., diethylene glycol succinate
or Silar 10C) provide the best overall resolution of a FAME mixture,
analysis on a nonpolar phase (e.g., Apiezon L or SE-30) can aid identi-
fication. When a polar phase is used, the saturated ester of a given
chain length is followed by the unsaturated esters in the order of in-
creasing number of double bonds (122). This may cause a particular
component to be overlapped by esters having shorter chains and more
double bonds [e.g., 18:1, 17:2, and 16:3 esters may not be separated
(101)]. Landowne and Lipsky have outlined how to distinguish between
unsaturated and branched FAMEs using a polar phase (123). The order of
elution is reversed on a nonpolar phase, so the unsaturated esters
are eluted in the order of decreasing number of double bonds and prior
to the corresponding saturated esters (124). However, the polyunsatu-
rates are usually unresolved or only partially resolved by a nonpolar
phase (122). While these different elution patterns may aid identifica-
tion, there is likely to be some ambiguity involved when a complex
mixture is analyzed.

Identification is much simpler when capillary columns are used,

since these columns provide much greater resolutions (124~127). 1In
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fact, capillary columns are capable of separating isomers (124,128-131).
However, analysis time is long (up to several hours), and hence not
suitable for screening a large number of HPLC fractions.

Since plots of log retention time vs the chain length are linear
for the members of a homologous series, they are useful for identifying
a component when the particular reference compound is not available
(36,62,101,132). However, there was some question as to which of the
many unsaturated isomers actually constituted a homologous series.

Using his own &ata and that of others, Ackman (132) showed that retention
data for esteré with the same number of double bonds and the same "carbon
end chain" (the number of carbon atoms from the terminal methyl end to
the first double bond) produced a linear semilog plot. His conclusion
applies to a wide range of polar supports (122). Of course, this method
of identification is only as good as the resolution and precision of the
GLC data.

Since the absolute retention time is so dependent on operating con-
ditions, it is best to convert to some relative number. The equivalent
chain length (ECL) described by Miwa et al. (133) has been widely used.
The "carbon number'" developed independently by Woodford and van Gent
(134) is didentical to ECL., The basis of this system is the straight-
line blot of the logarithm of retention time versus the number of carbon
atoms for the normal, saturated esters. The ECL of any other ester is
read from this plot using its retention time measured under identical
conditions. The analogy to the Kovats retention indices is obvious
(135). The ECL indicates the elution sequence characteristic of the

particular stationary phase, but there is rather close agreement between
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similar stationary phases [i.e., nonpolar (134) or polar (122)].

GLC Analysis

The gas chromatograph used in this study was an Aerograph Hy-Fi
Model 600-D equipped with a Model 328 temperature control module. A
1/8"x8' column packed with 10% Silar-9CP on 100/120 mesh Gas-Chrom Q
(Applied Science) was used with nitrogen as carrier gas.v_A Brooks
Model 8744A flow controller was used to maintain a 20 cmS/min flow rate
during temperature-programmed analyses. The flow rate was monitored by
an inline Gow-Mac flow meter that was calibrated against a.bubble meter.
An Aerograph electrolytic hydrogen generator supplied the flame ioniza-
tion detector (FID). Reference FAMEs (99+% pu;e) were obtained from
Applied Science Laboratories.

The solvent was removed from the HPLC fractions with a stream of
nitrogen. The residue was dissolved in carbon disulfide for GLC analysis.
Carbon disulfide was used because of its very low response in a FID and
because it does not tail into early-eluting peaks. However, it is a
poor solvent for FAMEs, and occasionally a few drops of chloroform were
added to clear a turbid solution.

Optimum resolution of the FAME mixture (see Figure 13) was obtained
by temperature programming from 180°C to 210°C at a nominal rate of 4°C
per minute. The program was initiated two minutes after injection.
However, this procedure required about 15 minutass per sample. So HPLC
fractions were routinely screened isothermally at 2100C, and only
g min were needed per sample. As seen in Figure 14 the main loss of

qualitative information is with regard to the 16:1 FAME.
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On Silar-9CP the 18:1 FAME and 16:3 FAME are not separated., When
injected separately they exhibit a small difference in retention time,
but when they are co-injected only one peak is observed. Also, there
is poor resolution between the 16:0 and 16:1 FAMEs. Thus, the Silar-

9CP column could not provide an accurate quantitative analysis.



CHAPTER IV

13

DETERMINATION OF C CONTENT USING GAS

CHROMATOGRAPHY/MASS SPECTROMETRY
FAME Identification

By combining the separa£ion efficiency of gas chromatography with
the structural elucidation capabilities of mass spectrometry, a powerful
tool has been created for the analysis of complex biological samples.

The utility of gas chromatograpﬁy/mass spectrometry (GC/MS) for,lipid‘»
analysis is evidenced by numerous reviews (e.g., 136-139). For the
identification of FAMEs the GC/MS simultaneously provides the retention
time and the molecular ion, and fragmentation patterns (including some
metastable ions), which indicate the number of carbons, degree of unsatu-
ration and position of branching.

One difficulty in early work was the high background caused by the
liquid phase bleeding into the mass spectrometer (139). This problem
has been sﬁbstantially reduced by the replacement of polyester phases
with the more thermally stable silicone phasés (140). In the present work
SILAR-5CP provided separations comparable to polyester phases and exhib-
ited negligible column bleed.

In addition to the molecular ion (M+?) the fragmentation pattern of

saturated, straight-chain FAMEs is characterized by four types of ions

51
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(141). The base peak (peak of greatest intensity) results from the
McLafferty rearrangement (142) and appears at m/z 74. The acylium ion
(M-31) corresponds to the loss of the methoxy group. The higher mass
range of the spectrum is dominated by a series of ions (m/z 87, 101,
115, 129, etc.) resulting from chain cleavage and having the general
formula [CH3OCO—(CH2)n—]+. ‘A series of hydrocarbon ions (m/z 69, 83,
97, etc.) are prominent in the low mass range.

The well understood fragmentation pattern just discussed can
readily be extrapolated to describe isotopically enriched material, if
the material can be accurately characterized mathematically (e.g., bi-
nomial distribution, known percent 13C at certain sites, etc.). How-
ever, the FAMEs in this study exhibit a nondescript enrichment cluster.
As seen in Figure 15 the expected binomial distribution is skewed on
the low mass end and there is a small amount of natural abundance mater-
ial. 1In comparing Figure 15 to Figure 16 it is obvious that each FAME
has a different enrichment cluster, and this will be discussed later.
The pertinent consideration here is that the mass spectrum of the labeled
FAMEs cannot be predicted in detail from the corresponding natural abun-
dance spectrum. So, retention time and the molecular ion for the small
amount of natural abundance material served as the primary basis for
FAME identification. Then the general features of the fragmentation
pattern were compared to published spectra.

Due to the high level of enrichment, the major ions for methyl
hexadecanéate (methyl palmitate) are correlated to the published spec-
trum (137,141) by adding one unit for each carbon (except methoxy) in

the fragment. So, the molecular ion appears at m/z 286 (m/z 270 + 16
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3C atoms), and the McLafferty rearrangement ion appears at m/z 76

(m/z 74 + 2 13C atoms). Since the methoxy carbon contains natural
abundance 13C, the acylium ion still appears at M-31 (i.e., m/z 286 -
31 = 255). Loss of an ethyl group is also M-31 and the resulting ions
are indistinguishable from the acylium ion. Also, the two series of
ions are spaced 15 units apart. TFor each of the ions mentioned, the
mass number cited is the highest m/z value in a cluster, which has a
size and relative intensity according ﬁo the number of carbon atoms the
ion contains. See Figures 17 and 18 for a comparison of the natural
abundance spectrum and the 13C enriched spectrum for 16:0 FAME.

In the spectra of unsaturated FAMEs (140,143) the hydrocarbon
series of ions becomes more prominent as the number of double bonds
increases. The tropylium ion (C7H7+) also increases with increasing
unsaturation. Diagnostically, the M%', (M—32)+ (base peak), (M--74)+
and m/z 55 ions are prominent in the spectra of monoenes. For dienes
the m/z 67 (base peak), 81 and 95, (M—31)+ and M%' are characteristic
peaks. The important peaks for trienes are m/z 79 (base peak), 95 and
108, (M—69)+, (M%56)+, (M—3l)+ and M+'. As discussed earlier, each of
these peaks is converted into an enrichment cluster with higher mass
numbers because of the high 13C content.

As mentioned in Chapter III (see page 39) the reverse phase HPLC
separation produced a FAME whose retention on Silar 9CP was nearly
idenfical to 16:1'FAME. " The equivalent chain length (approximately 16.6
atoms, see page 46) indicated a methyl substituted FAME (122). By com-
parison to published spectra of methyl substituted FAMEs (144) the
compound was identified as methyl 15-methylhexadecoate (iso-17 FAME).

The McLafferty rearrangement peak (base peak) was observed at m/z 76,
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so there was no substitution at the C-2 position. Methyl substitution
in the middle of the chain would result in cleavage on either side of
the methyl group and produce prominent peaks 30u apart. Such peaks were
absent from the spectrum. Substitution at position 14 (anteiso-17

FAME) would produce significant peaks at M-31 and M~61 for loss of ethyl
and butyl groups (13C enriched), but this was not observed. The loss of
propyl group, (M—46)+, was prominent and the fragmentation pattern at
lower mass numbers was very similar to 16:0 FAME. The presence of
anteiso-17 FAME in Chlorella lipids has previcusly been reported (145),
but that assignment was based on GLC retention data rather than the

GC/MS fragmentation pattern.
Data Acquisition

The methyl substituted FAME was identified from spectra obtained
on a Hewlett Packard Model 5980A GC/MS with a Model 5934A data system.
The first column in Table IV was used with this instrument. The data

system of this instrument supplied normalized, hard-copy spectra.

TABLE IV

GAS CHROMATOGRAPHY COLUMNS USED IN GC/MS EXPERIMENTS

Column Description Packing Material®* Instrument

8' x 1/8" o.d., stainless 10% SILAR-9CP on 100/120 Hewlett Packard

steel mesh Gas~Chrom Q Model 5984A
6' x 4 mm i.d., glass 3% SILAR-5CP on 100/120  LKB 9000 Proto-
mesh Gas-Chrom () type
6' x 4 mm i.d., glass 3% OV-1 on 100/120 mesh  LKB 9000 Proto-=
Gas-Chrom Q type

*Applied Science Laboratories
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Except as noted, GC/MS experiments were performed on a prototype of
the LKB 9000 (146). See Table IV for a description of the two columns
used with this instrument. The helium carrier gas was set at 27 ml/min.
The temperature of the column oven was calibrated (see Figure 19) with
a thermometer which had been checked for accuracy by comparison to a
precision platinum resistor (Dimensional Standards Laboratory, Los
Alamos Scientific Laboratories). Spectral data was recorded by means of
a light beam oscillograph recorder using Kodak Linagraph Direct Print
paper, Type 2022.

Spectra used for FAME identification were obtained near the maximum
of the GC peak. The ion abundance was quantitated using a millimeter
scale, and normalized using a program written for a Hewlett Packard
9810A programmable calculator.

Isotope fractionation was initially observed using the Selected Ion
Monitoring (SIM) system to compare the 12C molecular ion with the totally
labeled molecular ion. The SIM chart speed was calibrated by marking the
chart at several timed intervals. The time intervals and ion abundance
values were measured from oscillograph traces using a vernier caliper.

Repetitive scans of the GC peaks were made over a limited mass
range that included the molecular ion enrichment cluster. The scans
were initiated manually at fixed intervals. The time from To (retention
time corresponding to void volume) to the first scan was measured from
the total ion current chart with a vernier caliper. The ion abundance
values on the oscillograph traces were digitized using an OSCAR Model K
Oscillograph Analyzer and Reader (Benson-~Lehner Corporation, Santa
Monica, California), which was directly connected to an IBM Kepunch

Type 024,
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Computations

In order to accurately determine the retention time for isomers of
a particular mass, the SIM data (ion abundance vs time) was least squares

fitted to a skewed Gaussian equation

P ' p \2 _ _
) N 1 (%P, P, (X-P,) (x-P,)
Y = — exp |- >l TP 1. - 5 1. - ————
o P, 2 2 3P,

where P_ is the area under the curve, P_ is sigma, P, is the mean,

1 2 3

P4 is the skew factor which adjusts to asymmetry in peak shape, X is
the time and Y is the ion abundance. A standard deviation (oi) for
each parameter (Pi) was also calculated. The compﬁter program (LSMFT)
used to accomplish this data fitting was provided by the Statistics
Group at Los Alamos Scientific Laboratories (LASL), and is on file in
the LASL program library. The operation of LSMFT is explained briefly
in Appendix A.

The repetitive scans provided ion abundance vs time data for each
mass number in the molecular ion cluster. The data for each mass
number was fitted to-a skewed Gaussian equation as described above. A
weighted average of the skew factors for all the mass numbers in the

molecular ion cluster was calculated using 1/o0, as the weighting factor.

4
The data for each mass number was again fitted with the average skew
factor being held constant. This was done for each GC peak.

The least squares curves were used for "smoothing' the data in that

ion abundance values used for further calculations were taken from the

curves. The area under the curve (Pl) for each mass number was added
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to the data matrix. These areas were treated in the same manner as an
individual spectral scan in order to calculate an integrated value for
13 .
mol 7 C. The mean (P3) for a given mass number is the retention time
for the isomers of that mass number, and one way to observe isotope
fractionation is to compare the retention times for the various mass
numbers in the molecular ion cluster.
2 17

The smoothed data was corrected for natural abundance H, 0 and
18 13, . e
0, and for ~7C in the methoxy carbon. Beginning with the abundance

: . 13 +. +-
for the molecular ion containing no ~~C atoms (M ), the (M + 1) and
4o . 13
M+ 2) abundance values due to heavy isotopes (other than ~~C) were
calculated from the elemental composition and known values for natural
abundance (147). These calculated abundance values were then subtracted
from the observed abundance values at M+ 1 and M + 2. This correc—
tion procedure is analogous to that used by Boone, Mitchum and Scheppele
(148). 1In turn, the abundance values of each mass number were corrected;
i.e., the corrected abundance of (M + l)+. was used to calculate correc-
. . + +- . . .
tions for (M + 2) and (M + 3) , etc. until the entire molecular ion
cluster had been corrected. The corrected ion intensities were used to
1 : .

calculate the mol % 3C for each spectral scan and for the integrated
GC peak (149).

A Fortran program was written to move data into and from the LSMFT
program and to perform the calculations described above. A listing of
this program is in Appendix B. All calculations were performed on a CDC

7600 computer at the Central Computing Facility of the Los Alamos

Scientific Laboratories.



63

1
3C Content of FAMEs

1
The initial values for mol % 3C (calculated from complete spectral
scans taken at random on the GC peak) showed significant variability.

13C/lzC fractionation on the GC column.

This posed the possibility of
This was investigated using the SIM system of the GC/MS. TFigure 20
shows the obvious difference in retention time of the totally labeled
species. An isotope frdctionation was observed in this manner for
16:0, 16:2, 16:3 and 18:3 FAMEs on the 6-ft Silar~5CP column. Similar
results were obtained on a 3% 0OV-1 columm (5 ft, ZOOOC) for 16:0 FAME
using a Finnigan GC/MS (150).
Because of the 13C/lZC fractionation, an accurate determination
of 13C content requires that the entire GC peak be integrated for all
molecular ion species. This was accomplished by making repetitive
scans as described in the previous section. Figure 21 through Figure
37 show the data points and fitted curves for 16:0 FAME on Silar-5CP
at 1580C. For m/z 270 and the highly enriched isomers (m/z 280 to 286)
the data points fit the curves very closely, so the curve parameters
have small standard déviations. For low enrichment iscmers the ion
intensity was quite low, so the data points are scattered about the
fitted curve and the curve parameters have large standard deviations.
Obviously, more spectral scans for a given GC peak will more precisely
define the fitted curve and provide more precise values for 13C content.
The results of a number of experiments are summarized in Table V

and illustrate two general considerations. First, the FAMEs of highest

purity (i.e., 16:0, 18:2 and 18:3) give the most consistent values for
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130 CONTENT OF FAMES

TABLE V
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Silar=5CP ov-1

Number 7% Natural Mol 7 Number 7% Natural Mol %

FAME Temperature of Scans Abundance 13C of Scans Abundance L3¢
16:0  142°¢ 14 2.60 84.96

158 10 2.54 85.13 13 2.57  84.48

168 11 2.55  85.02 9 2.56  84.96

178 8 2.53  85.01 14 2.55  85.03

189 9 2.54  85.36
16:1  142% 8 7.02  75.84
158 15 6.02  79.41
168 9 6.00 79.72
178 7 6.23  79.76
16:2 142°¢ 6 2.46  82.39
158 13 2.40  83.80

168 11 2.43 83.80 10 2.16  84.19

178 8 2.61 83.65 14 2.06 84.12

189 9 2.15  84.28
16:3  142°% 13 12.26 65.00
158 8 12.23  64.82
168 9 12.22 65.34
178 12 12.92  64.47
189 8 12.21 65.41
18:1 . 142% 13 11.92 73.53
158 10 11.32 75.29
168 9 11.75 75.47
178 7 12.61 76.43
18:2  142°% 12 1.90  84.07
158 16 1.97  84.25

168 11 1.88 84.29 14 1.74  84.95

178 8 1.85  84.42 12 1.77  84.76

189 16 1.48  85.22
18:3  142°% 18 12.20 65.86
158 15 12.34 65.99
168 11 12.34 65.88
178 12 12.48 65.82
189 14 12.69 65.86
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C content. Even small amounts of impurity (e.g., a methyl substituted
FAME) can significantly effect the results if the GC column does not pro-
vide complete separation. Consequently, the calculated 13C content for
18:1 shows a steady increase because the resoltuion decreases as the
column temperature increases. Also note the higher 13C content for
16:2 and 18:2 FAMEs on the OV-1 column, which did not separate small
amounts of impurity. Thus, the preliminary separation (discussed in
Chapter II1I, page 35) is of primary importance to the accurate determi-
nation of 13C content.

Secondly, the mol 7% 13C and percent natural abundance values reflect
the effect that nutrient concentration and stage of growth have on fatty
acid composition (see Chapter II, page 5 ). The two liter inoculum in the
culture chamber contained natural abundance carbon both as biocarbonate
in the medium and as cellular carbon in the algae. Consequently the 13C
content of the carbon used in fatty acid synthesis asymptotically
approached that of the carbon—l3C dioxide supply. Concurrently, the
nitrate concentration decreased. Since polyunsaturated fatty acids
(especially 16:3 and 18:3) were preferentially synthesized initially,
their 13C content is much lower than that of other fatty acids. The
values for 16:1 and 18:1 FAMEs are unreliable due to unresolved impuri-
ties., Since additional nitrate was added at the midpoint of the growth
period, the results for this particular batch of algae are less dramatic
than they would otherwise be. Analysis of 13C content and labeling
pattern (see Figures 15 and 16) would be a very effective approach to
the study of the relative synthesis rates of fatty acids under various

growth conditions.
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12
13C/ C Fractionation by Chromatography

Introduction and Literature Review

The chromatographic fractionation of isotopes has been reviewed and
evaluated by Klein (151). Fractionation of carbon isotopes has been
observed in several separation technqiues (e.g., 152-154), but there
have been -only a few reports of carbon isotope fractionation by gas
chromatography. Blanc et al. (155,156) showed 13C/IZC fractionation for
carbon monoxide on a molecular sieve column. Gunter and Gleason (157)
observed 13C/lzc fractionation for methane on a molecular sieve column
and for carbon dioxide on silica gel and Poropak (Q and R) colummns.
Bayer et al. (158) obtained 13C/12C fractionation for tetrafluoromethane
on Poropak (Q and S) columns. However, carbon isotope fractionation for
larger molecules of biological significance has not been observed.
Bentley et al. (159) were unable to detect fractionation for D-glucose-
U—lBC (50 mol % 13C) on a 3% SE-30 column. Using GC/MS, VandenHeuvel

‘et al. (160,161) could find no ->c/'?C fractionation with 12-14 mol %
13C amino acids on 2% SE-30 or 27 OV-17. The present study has docu-
13,12

mented C/77C fractionation for FAMEs and evaluated the significant

parameters that effect the fractionation.

Results and Discussion

As discussed above,lgc/lzC fractionation was first observed using

the SIM mode of operation. In order to perform a detailed study, repeti-
tive scans were taken as the GC peak eluted. Not only does the repeti-

. 13
tive scan data provide accurate values for C content, but it also
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documents the C/lZC fractionation by providing data for two types of
plots. The mol % 13C may be plotted versus the time of the spectral
scan, or the retention time of each mass number may be plotted versus
the number of 13C atoms in the molecule. TFigures 38 and 39 show these
plots for the same GC peak used to illustrate the curve fitting program.

The data for both types of plots is summarized in Table VI through
X. It is readily apparent that the calculated 13C content is dependent
on when the spectral scan is taken. Even for small ARetention values,
there are significant changes in the isotopic content as the GC peak
elutes. The four obvious variables that might effect the isotope
fractionation are chain length, degree of unsaturation, column tempera-
ture and stationary phase. The data shows no apparént relationship
between any of these variables and the observed separation factor.
However, as seen in Figures 40 and 41 ARetention is proportional to the
retention time. So, it appears that there is no specific interaction
that is responsible for the observed isotope fractionation. Rather a

o

difference in the vapor pressure of the isotopic species seems to be
the likely explanation. As has been explained by others (162,163),
molecules containing the heavier 130 atoms will have a smaller van
der Waals attraction and hence a smaller heat of evaporation. This
effect is particularly important for molecules in which the isotopic
atoms contribute to intense infrared absorption bands (163). Highly
enriched FAMEs have a number of active infrared absorption bands (164).

Two vapor pressure comparisons are useful. There is enough
difference (0.8%) in the vapor pressure of carbon—12C monoxide and

carbon—l3C monoxide that the two isomers may be separated by



TABLE VI

136/12¢ FRACTIONATION FOR 16:0 FAME

Temperature

GC Column

Time to First Scan (sec)
Time Between Scans (sec)

Calculated Mol % 130 for
Each Scan

Adjusted Retention Tiwme
of m/z 270 (sec)

Adjusted Retention Time
of m/z 286 (sec)

ARetention (m/z 270-m/z 286)

k3
Separation Factor, (a)

142°¢ 158°¢ 168°¢ 178°¢ 189°C
Silar-5CP  Silar-5CP OV-1 Silar-5CP OV-1 Silar-5CP OV-1  OV-1
1198 520 1313 3% 849 206 550 344
10 10 10 5 10 5 5 5
85.36 86.10 84.21  85.67 85.54  86.32 85.74 86.44
85.40 85.86  84.59  85.59  85.40  85.71 85.58 86.04
85.40 85.63  84.80  85.48 85.22  85.29  85.44 85.69
85. 36 85.40  84.91  85.32  85.03  84.92  85.30 85.40
85.29 85.16 14.94  85.14 B84.84  84.64 85.17 85.20
85.18 84.92 84.91  84.93 84.64  84.51.  85.05 85.09
85.05 86.70 84.83  84.72  84.45  B84.46  84.94 85.05
84.90 86.50 84.71  84.52 84.24  B84.26  84.85 85.06
84.74 84.28  84.54  84.33  83.96 84.77 85.09
84.59 83.99  84.34  84.12 84.70
84.46 84.09  83.83 84.64
84 .34 84 .58
84.24 84.49
84.02 84.37
82.56
81.87
1259.8 563.6 1382.5  357.5 883.9  222.7 579.1 364.3
1254.9 560.8 1378.6  355.6 881.4  221.3  577.8 1363.3
4.9 2.8 3.9 1.9 2.5 1.4 1.3 1.0
1.0039 1.0050 1.0028 1.0053 1.0028 1.0063 1.0022 1.0028

_ Adjusted Retention Time of m/z 270

~ Adjusted Retention Time of m/z 286
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TABLE VII

13C/lZC FRACTIONATION FOR 16:2 FAME

Temperature 142% 158°¢C 168°¢C 178°¢C 189%¢
GC C&lumn Silar—SCP Silar-5CP Silar-5CP ov-1 Silar-5CP ov-1 ov-1
Time to First Scan (sec) 1657 713 458 705 288 468 300
Time Between Scans (sec) 15 5 5 10 5 5 5
Calculated Mol 7 13C for 83.80 84.56 84.36 84.58 84.29 84.92 85.16
Fach Scan 83.80 84,50 84.43 84,75 84.43 84.90 85.05
83.66 84.42 84.40 84.75 84.27 84.84 84.86
83.41 84.31 84.29 84.63 83.97 84.74 84.61
83.07 84.18 84.13 84.40 83.54 84.60 84.31
82.63 84.03 83.90 84.08 82.94 84.42 83.98
83.86 83.64 83.70 82.16 84.21 83.62
83.67 83.34 83.28 81.02 83.96 83.20
83.47 83.01 82.77 83.68 82.67
83.26 82.66 82.70 83.38
83.04 82.22 83.05
82.80 82.68
82.56 82.24
81.68
Adjusted Retention Time 1707.8 742.8 482.4 749.7 303.8 498.7 320.7
of m/z 266 (sec)
Adjusted Retention Time 1701.0 738.2 479.1 746.3 302.2 496.1 319.2
of m/z 282 (sec)
ARetention (m/z 266-m/z 282) 6.8 4.6 3.3 3.4 1.6 2.6 1.5
*
Separation Factor. (a) 1.0040 1.0062 1.0069 1.0046 1.0053 1.0052 1.0050

_ Adjusted Retention Time of m/z 266
Adjusted Retention Time of m/z 282
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TABLE VIII

13c/lzc FRACTIONATION FOR 16:3 FAME

Temperature

GC Cclumn

Time to First Scan (sec)
Time Between Scans (sec)

Calculated Mol % 130 for
Each Scan

Adjusted Retention Tiwe
of m/2 264 (sec)

Adjusted Retention Time
of m/z 280 (sec)

ARetentjon (m/z 264-m/z 280)

%
Separation Factor, (o)

142°¢ 158°¢C 168°¢ 178°¢c 189°C
Silar-5CP Silar-5CP Silar-5CP Silar-5CP Silar-5CP
2059 909 577 354 246
20 10 10 5 5
67.84 66.52 68.99 66.76 68.45
67.27 66.11 67.65 66.38 66.83
66.77 65.64 66.55 65.97 65.61
66.28 65.12 65.59 65.50 64.74
65.79 64.60 64.76 66.97 64.22
65.29 64.08 64.11 66.41 64.01
64.80 63.57 63.65 63.81 63.97
64.33 63.08 62.77 63.21 63.98
63.91 62.63
63.57 62.02
63.29 61.34
63.01 60.52
62.66
2180.9 945.0 614.6 378.8 260.2
2173.1 941.4 612.0 377.2 259.73
7.8 3.6 2.6 1.6 0.9
- 1.0036 1.0038 1.0042 1.0042 1.0035

*

_ Adjusted Retention Time of m/z 264

Adjusted Retention Time of m/z 280
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TABLE IX

13C/12C FRACTIONATION FOR 18:2 FAME

Temperature

GC Column

Time to First Scan (sec)
Time Between Scans (sec)

Calculated Mol % ]30 for
Each Scan

Adjusted Retention Time
of m/z 294 (sec)

Adjusted Retention Time
of m/z 312 (sec)

ARetention (m/z 924-m/z 312)

*
Separation Factor, (a)

142°%¢ 158°¢ 168°¢
Silar-5CP Silar-5CP Silar-5CP OV-1
3882 1559 971 1644
30 10 10 15
84.79 85.10 84.20 84.91
84.79 84.94 84.39 85.22
84 .74 84.78 84.49 85.36
84. 64 84.64 84.52 85.41
84.49 84.50 84.50  85.39
84.30 84.38 84.44 85.31
84.07 84.28 84. 34 85.20
83.49 84.18 84.21 85.04
83.14 84.10 84.06 84.85
82.73 84.03 83.89 84.63
82.28 83.97 83.69 84.35
83.91 84.02
83.86 83.59
83.82 83.01
83.77
83.73
4044.2 1636.7 1019.5  1745.0
4022.8 1631.1 1016.2  1738.6
21.4 5.6 3.3 6.4
1.0053 1.0034 1.0032 . 1.0037

178°%¢ 189°¢
Silar-5CP 0OV-1 ovV-1
591 1059 640
10 10 5
84.35 85.17 86.06
84.50 85.23  86.01
84.52 85.24  85.92
84.49 85.21  85.80
84.42 85.14  85.67
84. 34 85.03  85.53
84.25 84.8%  85.40
84.12 84.69  85.26
84.44  85.14
84.12  85.01
83.70  84.89
83.12  84.76
84.62
84.45
84.24
83.97
622.1  1113.6 678.9
620.4  1108.7 675.2
1.7 4.9 3.7
1.0027 - 1.0044 1.0055

*

o = Adjusted Retention Time of m/2z 294

" Adjusted Retentlon Time of m/z 312
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13 c/lzc FRACTIONATION FOR 18:3 FAME

TABLE X

Temperature

GC Column

Time to First Scan (sec)
Time Between Scans (sec)

Calculated Mol % 13C for
Each Scan

Adjusted Retention Time
of m/z 292 (sec)

Adjusted Retention Time
of m/z 310 (sec)

ARetention (m/z 292-m/z 310)

*
Separation Factor (o)

142°¢ 158°¢ 168°¢ 178°¢ 189°¢c
Silar-5cP Silar-5CP Silar-5CP Silar-5CP Silar-5CP
4887 1992 1207 709 475
30 10 15 10 5
68.49 67.83 69.40 69.92 70.08
68.25 67.61 68.30 68.91 68.95
67.99 67.38 67.42 68.00 67.97
67.70 67.13 66.66 67.13 67.11
67.39 66.88 66.00 66.31 66.36
67.06 66.61 65. 44 65.53 65.71
66.71 66.34 65.00 64 .82 65.17
66.34 66.07 64.68 64.19 64.74
65.96 65.59 64.47 63.65 64.41
65.57 65.50 64.31 63.16 64.18
65.17 65.21 64.14 62.65 64.03
64.77 64.91 62.10 63.91
64.37 64.61 63.80
63.98 64.29 63.69
63.60 63.97
63.20
62.78
62.33
5140.4 2066.4 1281.7 759.9 504.1
5119.0 2060.8 1276.8 756.0 501.9
21.4 5.6 4.9 3.9 2.2
1.0042 1.0027 1.0038 1.0052 1.0044

_ Adjusted Retention Time of m/z 292

" Adjusted Retention Time of m/z 310

06
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distillation (1). The carbon monoxide isomers differ in mass by 3.57%,
while for the 16:0 isomers (mass 270 vs mass 286) there is 5.92% dif-
ference.

The 17:0 FAME has a mass difference of 5.567% compared to the 16:0
FAME. 1Interpolation of the data of Althouse and Triebold (165) indi-
cates a vapor pressure difference of 5.4 mm at 189°C for these two FAMEs.
Extrapolation of the data in Tables VI, VII and IX indicates that on
the OV-1 column at 189°C there is 156 seconds difference in the adjusted
retention times of the two FAMEs and only 1 second ARetention for the
16:0 isomers. These values and the values for vapor pressure indicate
that there is a 0.27% difference in the vapor pressure of the 16:0 iso-

mers. This agrees quite well with the values for the separation factqf.



CHAPTER V

DETERMINATION OF 13C CONTENT USING le NUCLEAR

MAGNETIC RESONANCE SPECTROMETRY
Introduction

As seen in the previous chapter mass spectrometry lends itself
very well to the precise determination of overall isotopic enrichment.
However, only for special cases is it possible to determine the isotopic
enrichment at specific sites in a molecule using MS data. This is
especially true in this study since the molecules of each compound
exhibit a wide range of labeling. By contrast 13C nuclear magnetic
resonance spectroscopy (CMR) provides information about the isotopic
enrichment at specific sites, but the calculated enrichment is less
precise. Also, CMR requires several milligrams of enriched sample
(depending on molecular weight and level of enrichment), whereas less
than a microgram is adequate for GC/MS.

Coupling between 130 nuclei and directly bonded protons will pro-
duce "satellite" peaks on either side of the main proton resonance, and
these satellites may be used to calculate 13C enrichments (166,167).
However, the more complex the spectrum, the more difficult it is to
identify and quantitate the satellites. CMR has the advantage of pro-

viding direct information about the molecular carbon skeleton through

96
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chemical shifts and coupling patterns. 13C nuclei have a wide range of
chemical shifts (typically up to § = 200 ppm) so even complex molecules
will often produce a natural abundance CMR spectrum with a discrete

resonance for each carbon when 13C—1H coupling is absent (168,169).

Enrichment results in 13C—13C coupling which can provide valuable
information about compounds 1abe1ed at specific sites or enriched to

low levels. This 13C~13C coupling can even be valuable at high levels
of enrichment for simple molecules such as acetic acid (170). But for
large molecules that are highly enriched a very complex spectrum results,
since each carbon is coupled to one or several other carbons (171).
13C--lH coupling can be eliminated by applying the proton-resonance
frequency of one or several protons (selective decoupling) or applying .

a broad band of frequencies to decouple all protons. The lattér pro—'
duces a "proton noise decoupled" spectrum which provides a gain in
sensitivity from two effects. First, by collapsing diffuse multiplets

a single sharp line is usually produced. Secondly, a nuclear Overhauser
effect (NOE) is induced since the proton spin population is redistributed
by the broad band frequency and this produces a change in the 13C energy-—
level populations (172,173). The NOE leads to an intensity enhancement
of up to three-fold for carbons bonded to protons (174). While the

NOE beneficially enhances sensitivity, all carbons with attached pro-
tons are not enhanced to the same degree, and carbons not bonded to pro-
tons normally exhibit an NOE significantly less than 3.0. Thus, inten-
sities do not necessarily correlate with the relative number of carbon
atoms when the proton noise decoupling technique is used (175). This

. . - 13 .
also precludes the correlation of intensities to the C enrichment of

specific carbon atoms.
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. 13 .
CMR experiments were conducted to demonstrate that the C enrich-
ment at specific molecular sites can be determined when the chemical

13C—l3C coupling.

shifts adequately separate the multiplets produced by
Paramagnetic shift reagents were shown to be useful in separating some

overlapping multiplets so that enrichment calculations were possible.

Instruments

Most CMR spectra were obtained using a Varian CFT-20 instrument
operating at 20 MHz in the pulsed Fourier transform mode. The proton
noise decoupled spectra covered a 4000 Hz bandwidth using 8192 data
points 'in the time domain. The deuterium resonance of chloroform-d
was used as internal lock.

Experiments using Eu(fod)3 shift reagent were performed on a Varian
XL~100 instrument operating at 25.2 MHz in the pulsed Fourier transform
mode and interfaced to a Data General Super-Nova digital computer.
Proton noise decoupled spectra were obtained over a 5000 Hz bandwidth
using 4096 data points in the time domain. The deuterium resonance of
DO in a capillary was used as lock. All chemical shifts are referenced

2
to TMS (§ = 0) (176).

.Results and Discussion

In order to point out the effect of enrichment a natural abundance
spectrum (Figure 42) was obtained for 16:0 FAME. The assignments were
made by comparison to previous results (177-180) and later were con-

firmed by the experiments using paramagnetic shift reagents. Note that
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the resolved peaks illustrate the earlier point that the NOE enhances
different carbons to different degrees. Also, carbons with a relatively
long relaxation time (e.g., the carboxyl) will exhibit a low intensity
when a large flip angle is used without an adequate time delay between
pulses.

The CMR spectrum of 16:0 FAME enriched to 85 mol % 13C is shown in
Figure 43. The methoxy carbon is not observed since it is natural
abundance. 13C—13C coupling causes an obvious loss in relative inten-—
sity and resolution. For example, the C-1 resonance is not onl&
coupled to C-2 (lJCC) to produce a doublet, but at high levels of
enrichment it is also coupled to C-3 (2J ) and C-4 (3JCC) . Since

CC
2J and 3J are both small (< 1 Hz and < 5 Hz respectively (181,182),

cC cC

the result is usually line broadening rather than line splitting. Of
course, line broadening is more pronounced and line splitting is more
complicated for non-terminal carbons. For %6:0 FAME the 13C--lSC coup-
ling results in overlap of the C~2 and C-4 multiplets and of the C-3
and C-15 multiplets. Such overlap usually precludes the determination
of chemical shifts or enrichment levels.

Figure 44 is the CMR spectrum of lS:Z'FAME enriched to 84 mol 7.
The doub;e bond carbons (8§ =~128 ppm) are unresolved due to 13C—13C
coupling and the C~3 region (8§ =~24 ppm) is overlapped by C-11.
Since the most intense peak (methylene resonance envelope, § =~29 ppm)
is produced by fewer carbons (compared to 16:0 FAME), there 1s an
increase in the relative intensity of the other resonances (e.g., the
terminal methyl). The chemical shifts from Figures 42, 43 and 44 are

tabulated in Table XI. Valﬁgs from the literature are included for

comparison.
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TABLE XI

CHEMICAL SHIFTS FOR FAMES

Carbon 16:0 FAME 16:0 TAME | 16:1 TAME 18:2 FAME 18:2 ACID Trigi?égride
Position Enriched Ref (1) Enriched Ref(23) Ref(23)
c-1 174.19 (174.3) 174.2 (174.3) 180.2 174.0
c-2 33.91 ~33.5 . 34.0 (34.0) 33.8 3.0
c-3 24.78 * 25.0 * 244 24.8
C-4 M A 27.2 28.9 N
c-5 29.1 - T 28.9

c-6 79.1 ~r28.8 28.9

c-7 29.1 \L 29.4

c-8 29.0-29.5 ~29.5 29.7 * 27.9

c-9 129.9 127.6-130.1 129.6 29.6
c-10 129.9 127.6-130.1 127.7

c-11 29.7 * 25.3

c-12 29.1 127.6-130.1 127.7

c-13 4 v 29.7 127.6-130.1 129.8

c-14 31.79 * 31.8 o 27.9

c-15 22.55 s 22.5 33.7 ~ 28.8 28.9 v
c-16 13.98 (13.9) 14.0 * 31.3 31.8
c-17 ~22.4 22.4 22.5
c-18 14.06 13.8 13.9
oct,, 51.27 51.4

* Peak overlap precluded chemical shift assigoment.
() Value is midpoint between doublet peaks.

€ot
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While it is sometimes possible to calculate the enrichment from an
unresolved multiplet (183), in Figures 43 and 44 only the resonances of
the terminal carbon atoms permit enrichment calculations. In Figure 45
the multiplets of the terminal carbons are compared. The comparatively
low sensitivity of the carboxyl carbon is due to a combination of
pértial saturation resulting from the large flip angle with an insuffi-
cient delay between pulses and the absence of NOE enhancement. The
non-equal intensity of the doublet in the methyl resonances is the
result of residual AB character (184) and must be taken into account
when enrichment calculations are necessary for unresolved multiplets
(183). The lJC—C values shown in Figure 45 are in agreement with
values for similar molecular structures (185,186).

A multiplet contains two types of information. First, the sum of
the intensities of all the multiplet peaks is a function of the 13C
enrichment at the site producing the resonance. (As noted earlier,
the intensity is also a function of other factors.) Secpndly, the
intensity pattern of the multiplet is a function of the 13C enrichment
of the carbon atoms bonded to the carbon producing the resonance. Thus,
for the carboxyl resonance in Figure 45% the sum of the doublet inten-
sity divided by the total intensity corresponds to the enrichment at
the C-2 position. So, for FAME highly enriched in 13C proton noise
decoupled spectra will directly yield the enrichment for only two sites,
namely, the C-2 carbon and the carbon adjacent to the terminal methyl.
Since these sites are at opposite ends of the molecule, it can be ten-

tatively concluded from the calculated enrichments (see Figure 45) that

within experimental error the labeling is uniform. Peak areas were
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determined by carefully cutting and weighing each peak from Xerox
copies of expanded spectra (187).

Admittedly, highly enriched FAME are a "worst case'" for determining
enrichment by CMR, but obtaining the enrichment of only two positions
out of sixteen (or more) is not very satisfactory. Selective homonuclear
decoupling of 13C resonances can be used to assist in the assignment of
peaks (188,189) and might be used in certain cases to eliminate multi-
plet overlap (190). However, this decoupling must be in addition to
proton noise decoupling and instruments capable of such triple resonance
experiments are not generally available. Indeed, neither of the instru-
ments used in this study have this feature.

Another peak assignment technique did lend itself to the purposes
of this study; namely, the use of a paramagnetic shift reagent (PSR).
The PSR is usually a chelate compound of a lanthanide element. Europium
or praseodymium are usually the elements of choice because they pro-
duce large shifts with a minimum of line broadening (191). For use
in organic solvents the two ligands used most often are 2,2,6,6-tetra-
methyl-3,5-heptanedione (thd) and 2,2-dimethyl-6,6,7,7,8,8,8~hepta-
fluoro-3,5-octanedione (fod). Figure 46 is a diagram of metal complexes
formed by these ligands (192). These metal complexes can coordinate
with polar groups on a substrate molecule, and the internal field pro-
duced by the unpaired electrons coordinated to the metal ion induces
a change in the chemical shift for carbon positions near the polar
group. The magnitude of the induced shift depends on the functional
group and decreases in the order —NH2 < -0H <>C=O < -0~ < —COZR < -CN

(193). Of course, variables that affect the stability of the
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PSR-substrate complex (e.g., temperature, concentration and solvent)
will also affect the magnitude of the induced shift. Hence, repro-
ducing the same shiff is quite difficult. To obviate this difficulty
the induced shift is usually plotted vs the mole ratio of the PSR to
substrate, and the induced shift is extrapolated to a ratio of one
(e.g., 194).

Since their introduction (195) PSRs have been widely used in pro-
ton magnetic resonance and recently have received some use in CMR.
Most CMR applications have been directed toward the assignment_of peaks
(194,196-199). The nature of the PSR-substrate interaction has also
been probed (200). In the biosynthesis of hirsutic acid C from acetate
labeled at a single position Eu(fod)3 was used to demonstrate labeling.
at a specific molecular site (201).

In this study the intent was to shift the C-2 multiplet enough
so that the enrichment at C-1 and C-3 could be claculated. For this
purpose an europium PSR was selected in order to produce a downfield
shift (202) and minimize the magnitude of the required shift. A
preliminary investigation was conducted in which small increments of
Eu(thd)3 were added to 1.5 ml chloroform-d containing 16:0 FAME. The

first addition shifted the C-2 multiplet completely away from the C-14

multiplet and shifted the C-3 multiplet enough to leave the C-15 multi-
plet completely resolved. However, subsequent additions produced only

minor increases in the induced shift, probably because of a failure to

ensure anhydrous conditions (i.e., solvent'and storage of the PSR)

(203).



109

In an effort to resolve additional multiplets several changes were
made. Eu(fod)3 was obtained, since it is a stronger Lewis acid and forms
a stronger complex (204). Also, fod compounds are more soluble than thd
compounds (192). Carbon tetrachloride was used, since the hydrogen
bonding characteristic of chloroform competes with complex formation
(198). The carbon tetrachloride was dried over Linde molecular sieve
(5X) and the PSR was stored in vacuo over DrieRite between additions.

A Varian XL-100 was used to obtain improved sensitivity and resolution,
and the probe temperature was lowered to 15°¢.

Figure 47 through Figure 51 illustrate the effects of Eu(fod)3 on
the CMR spectrum of enriched 16:0 FAME. Several features are readily
apparent from these spectra. It is obvious by combaring the other
spectra to Figure 47 that the PSR induces quite large shifts. Indeea,
the C-1 multiplet is shifted beyond the spectral width and appears as .
a fold-over resonance in Figures 49 through 51. Even the C-4 multiplet
is completely separated from the methylene envelope at high PSR-substrate
ratios (Figure 51).

However, line broadening limits the quantitative information that
can be obtained by using PSRs. The multiplet structure for C-1 and C-2
is lost.at relatively low PSR-substrate ratios (see Figure 49). When
enough PSR is added to shift C-3 and C-4 away from the methylene enve-
lope, the multiplet lines are broadened so much that a quantitative
calculation is impossible. Also, at high PSR concentrations field
homogeneity deteriorates, and this results in side bands such as those

for the carbon tetrachloride resonance (§ = 96 ppm) in Figure 51.
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Conspicuously absent in Figures 48 through 51 are intense reso~
nances due to the PSR. Since the PSR ligand is natural abundance, it
comprises a minor portion of the 13C atoms present. The alkyl carbon
resonances are obscured by the methylene envelope (198). The small broad
resonance at 6 = 130 ppm is probably due to the fluorinated carbons
(205).

The use of PSRs with substrates having a high 13C content proved
to be beneficial in several ways. A substrate that is highly enriched
has a minimum of interference from PSR ligand resonances. Also, rather
than extrapolating to a ratio of one, it was possible to measure induced
shifts at a ratio greater than two (see Figure 52). The limited solu~
bility of PSRs (53) usually restricts experiments to relatively low
ratios, since ﬁatural abundance spectra require much more substrate.

For highly enriched substrates line broadening rather than PSR solu-
bility imposes a limit on the PSR-substrate ratio. Although the large
ratios failed to_provide additional information for the purposes of
this study, they would be quite valuable for peak assignment studies.

As expected (194,198,202) the magnitude of the induced shift falls
off sharply for carbon atoms not adjacent to the site of complexation.
Also as expected (194,198,202,204) the induced shift is nearly linear
for small ratios. The formation of PSR dimers (207) contributes to non-
linearity at higher ratios. Substrate saturation by the PSR might also
be expected to contribute to nonlinearity at higher ratios (204).

When a carbon is coupled to two adjacent carbons, enrichment

calculations become more involved. Figure 53 diagrams the splitting
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pattern that produces the C-2 multiplet and it is seen that only the
e lines and center ¢ lines are not resolved.
When the C-1 enrichment is o and the C-3 enrichment is B; the

line intensities are related to enrichment values as follows:

a=1/2 o

b = 1-a

c=1/2a - 1/28
d=1/2 a - (1-B)
e = (1-a) - 1/2 B
f=(1-a) *© (1-B)

The measured peak intensities produce a set of equations that permit

the calculation of enrichment values of a = .850 + .013*% and B .= .860k'

Figure 54 diagrams the splitting pattern that produces the C-15

1 .
multiplet. Since the two values are nearly equal, lines e and d

JC--C
overlap and line f overlaps the two center c¢ lines. When the C-16
enrichment is o and the C-14 enrichment is B, the line intensities

and enrichments are related as above. However, there is too much line

overlap to calculate separate values for o and B. If it is assumed

that a equals B, then a set of quadratic equations is produced. Solu-
tion of these equations gives an enrichment value of .864 + .004.%

These values confirm the earlier conclusion that the molecules are
uniformly labeled. This is not surprising since the methyl palmitate
was derived from algae that had been grown for five generations

on carbon-lBC dioxide.

* The standard deviation was determined by measuring the area at least
three times.
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CHAPTER VI
SUMMARY

The primary objective of this study was to develop the procedures
and delineate the calculations necessary to fully characterize bio-
synthesized materials having a high 13C content. The biosynthesis des-
cribed in Chapter II provided the FAMEs, each of which had a unique

3
content.

HPLC was used to purify the transesterified 1iﬁid extract. Silica
columns effectively separated the FAMEs from pigments and other lipid
material, but did not have the selectivity needed to separate the FAME
mixture. For GC/MS analysis the FAME mixture was separated on an ion
exchange column in the silver form (argentation chromatography) to
effect a separation by the degree of unsaturation. To obtain pure,
individual FAMEs for CMR analysis, the FAME mixture was separated on a
reverse phase column  (uBondapak-Cl8).

. . 13,12 . .

AVA experiments confirmed that there was C/7"C fractionation
occurring on the GC colunn, so repetitive scans were taken as each GC
peak eluted. Computer programs were written to integrate all molecular
ions over the entire GC peak. In this way an accurate measure of the

13 .
total "7C content was obtained.
13 .

CMR spectrometry was used to measure the C concentration at par-
ticular sites in the molecules. The use of paramagnetic shift reagents

permitted quantative calculations for several resonances that could not

120
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have otherwise been analyzed. Within experimental error the FAMEs are
uniformly labeled with 13C.

The curve fitting and calculations discussed in Chapter IV are
applicable to GC/MS data for any compound that exhibits a molecular
ion, and in some fortuitous cases may be applicable to fragment ions.
The computer programs could be stored in a GC/MS-computer system to
provide virtualiy real-time analysis of 13C—enfiched compounds.

The unique 13C coﬁtent of each FAME suggest that 13C labeling
would be a useful method to study the relative rates of synthesié of
fatty acids and other classes of compounds. Using short culture times

13

it should be possible to observe significant differences in the ~~C

concentration at various molecular sites.
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LSMPT is a collection of Portran programs combined into a system
that permits a general approach to least squares problems. A complete
description may be obtained from the Program Library or C. R. McInteer,
S-1, P, 0. Box 1663, Los Alamos Scientific Laboratories, Los Alamos, New
Mexico 87545. Only a brief, simplified description is presented here.

For NPTS pairs of data points,_(xi,yi), a curvé of fitted if the

general form

Y ﬁ.FCX,Pl,PZ,...,PNPARAM).

The user may select from a number_of pre-written functions (F012 =
shewed Gaussian) or supply a function written for the particular prob-

* - E
lem. The program determines values of P so as to

l’P2’°"’PNPARAM

minimize the difference function

NPTS

2
E (FCx 2By oo o Prparan)

i=1
In order to do this, initial values (sﬁpplied by the user) for the
parameters are incremented until. the percent change in all of the
parameters is less than the value of TEST (specified by the user).

The control cards used to fit the GC/MS data are listed on the

following pages.

*
If a user-supplied function is used, the partial derivative of F with

respect to each parameter must also be supplied.
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SOPEN(FS=ZmsLSQS,TYPE=SP, AC=ZDN)
$TF.
$SOPERM(FS=Zn5LS0S,0AC=2D0,FST=ZFSI)
$COPYF(1=2@5LSAS, 0=NCCD)
SREWTND(NCCD)
SSETQ(KEY=KCCF,Q=NCCDY

§FH,

*TDENT AWK

*IrHERE.?

Subroutines for GS/MS
Calculations, see
Appendix B

SFM,
SET NPTS=3¢ NPARAM=5 NV=2 §
SET FIXPAR=S PROPT=8 § .
SET ALGORTMARQUAR FUNC=F@12 DFUNC=DFA12 §
READ TNPUTzLABELX §
TIME TM_SECONDS
REAU INPUT=LABELY £
JON CURRENT
READ INPUT=TEST §
1.P00E=3
CALL SUBSISOTOPE §

Data Input

CALL SUB=SWITCK §&
FIT ALGDR=MARQUAR
PLOT PLTDATA=TRUE PLTCF=TRUE IYVAR={ TJXVAR=2 §
CALL SUB=KEEP §
CALL SUB=SWITCH §&
CALL SUB=CORREC §
CALL SUBZATOMS § )
SET NPARAMzP NV=2 FUNCeF@AQ{ DFUNC=DFOAYL $
READ INPUT=LABELX §
TIME OF SCAN (IN SECONDS)
READ INPUT=LABELY §
PER CENT OF MOLECULAR TJONS
READ INPUY=TESY §
,onﬂﬂE"3
CALL SUB=CYCLF §
FIT ALGOR=PACKALG
READ INPUT=L ABFLY
ATOM PER CENT CARBON=13 )
PLOY PLYDATA=TRUE PLTCF=TRUE IYVAR=] IXVAR=2 §
SET NPARAM=P NV=3 WOPT=2 NWOPT=3 §
READ INPUT=TEST $

N

o h
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1. WPGRAE-S
SET FUNC=Fpm2 DFUMC=DFpR2 §
READ TNPUY=| ABELX &

NUMBER 0OF C13 ATOMS IN MOLECULE
READ INPUT=L ABELY 3

RETENTYON TIME

CALL_SUB=SLOPF &
FIT & o i
PLOT PLYDATAZTRUE PLTCF=TRUE IYVARE{ IXVARzZ2 §
FIT FUNC=Fam) DFUNC=DFP@y §
PLOT PLYDATAZTRUE PLTCF=TRUE IYVAR=| IXVARE2 §
SET LCHPLT=TRUE s _
PLOY_PLTDATAETRUE PLTCF=TRUE IYVARs] IXVARE2 §
STNPS
$FM,
$EJ,
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SUBRAOUTINE S| OPE
¥
*CALL COMMON

COMMON /EXTRA/DATA(ZS,QQ),M(E‘S),PT(Z’S,DQ),TTM)(90),N,NC,NP,N0,

BNPEAK-CATDM,HATOH,ﬂATOM,AC.AH,AU,AOX,PREP(QQ,Q),N!,HEAD(Br?S),
SSKEEP(ESB'TKEEP(QOJ.Spl(?SJ;PEIZS);SP?(?SJpPﬂ(ZS),SPﬂ(?S):BKG(QQ);
4 FRAC(ES'99),C0M(41,CPER(QO).NVERG(:SJ o

DIMENSJION XLOGC(QQ),XENR(QQ).TLOG(OO):TLGGK(ES),TLOGUP(ES)

2, TLOGD (25, XNAT(99)
X =0
1T = NC+3
DO 2 I=3,711
IX = TX+NVERG(T)
2 CONTINUE

JT = NC+

NPT = HCe¢1=TX

NPTS = NCri=TX

JX = ¢
JJ s

DO %; Jdei,J7T
JX = JIXet
JJ = JJ+d X
TF(NVEKG(Je?),EQ, 15 GO Th 2p
X(JJ,1) = TKEEP(JX+2) .
XJ = JXw]
X(JJ,2) = NI+TEST
X(JJ,3) = SKEEP(JX#2)

G0 To 3@

28 CONTINUFE
JJ v JJ=t
X0 CONTINUE

PG(1) = TKFEP(3)

PG(2) = =001

PRINT 46@, PG(JY,PR(2),NPT

460 FnRMAT(//-//?X,2(_&'1‘5.7,4)(),Nl//)
. PRINY 470, (?((1027')({]:1‘px(1,'3311’1;NP73
470 FORMAT(uX,Fb.ﬂ;uX,FB.E’:lJX,Fb.S)
RETURN
FND



o
*CALL

10

15
29

ez22
3p

35

4n

50
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SURRDUTTIHE CYCLE

commny .

COMMON FEXTRA/ZDATA{2%,99),46(2%),PT(25,90),TIMI(99),N,NC,NP,NO,y
2NPEAK, CATOM, HATOM, NATOM, AC, AH, 40, ADX, RREP(99, 03, N{,READ(B, 25,
BSKEFP (28, TKFEP(99Y,SP1(25),F2(25),8P2(2%),PU(2%),5PU(25),BKG(99),
4 FRAC(25,993,C0M(4),CPER(99),NVERG(DS)

DIMENSTON XL 0GC(99),XENR(99),TLOG(9Q), TLOGK(25),1LDGUP(2S)

2, TLOGD(25Y, XNAT(99)

EXTERNAL Faul,DFnB

IYVAR = 1

PLTDATA =

NPTS = NO

IXVAR = 2

PLTCF = |

NPT = MNU+t

CONTINUE _

NCYCLF = NCYCLE#!

1F (NVFRG(NCYCLE#2)L,EQ, 1Y GD TN 1p@

1F(NCYCLELBT,NPTY G TO 38

DO 20 IK=1,ND

X(IK,1) = FRAC(NCYCLE,IK)*}0@Q,

X{IK,2) = TIMI(TK)

K = NCYCLE+2

DO 1% J=i,n

PTITLE(JY = HEAD(J,;K)
TITLE(JY = HEAD(J,K)
CONYINUVE

CONTINUE _

PR(1Y = X(1,1)

PG(2) = (X(ND,y1I=X(3,13)/7(X(NO,2)=X(],2))

CALL PACKALG(FOR1,DFER1)

CALL OUTPACK

CALL PLTPACK(FRR1

PRINT 222

FORMAT(//)

GO Tn 10

CONYINUE

DO 35 J=si,ND

X(J,1) = CPER(D)

X(Je2) = TIMICDY

CONTIRUF

D0 4@ Ji=1,u
TITLEC(JI1) = COM(J1)
PTITLE(J1)Y = COM(J)
CONTINUE

PR(3)Y = CPER(1) } .

PG(2) = (CPFR(ND)I=CPER(1))I/(TIMI(NDI=TTINI(]))

CONTINUE

RETURN

END
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SUBROUTINE ATOMS

SUBRQUTINE ATNMS USES THF CORRECTED SPECTRUM T0O CALCULATE THE PERCENT
NF NATURAL ABUNDANCF MATERTIAL, THE OVERALL ATOM PERCEMT OF CARBON=13,
AND THE PERCENT OF EACH TSOTOPE TSOMER,

COMMON /EXTRA/DATA(R25,99),M(25),PT(25,99),TIMI(99),N,NC, NP, NO,
SNPEAK,CATOM, HATOM, NATOM, AC, AH, AD, ADX,PREP(99,9),N1,HEAD(B,25),
ISKEERP(25), TKFEP(99),S5P1(25),P2(25),8P2(2%5) ,PU(28),SPU(25),BKG(99),
4 FRAC(25,99),C0M(4),CPER(99),NVERG(2S) )

DIMENSTION XL OGC(99),XENR(99),TLOG(9Q), TLOGK(25),TLOGUP(25)
2rTLOGD(2%), XNAT(99)

NSPEC = 0

PO 1 K=1,99
XNAY(K) = n,
CPER(K) = @,

. Pe 3 L=t,25

1 FRAC(L,K) = @,

5 NSPEC = NSPEC + !

1F(NSPEC.ET,NP) GO TO 180

TOTAL = &,

C13 = Q.

NX = NC+3

DD 1A NNE=%,NX
16 TOTAL = TOTAL + PT(NN,/NSPEC) .

ANAT = PT{Z,NSPECIA(1,+AC+(CATOMI4 (ACKAC/2, ) %xCATOMK(CATOM=1 )

XNAY(HSPFCY = (ANAT/TDTAL) %R0

XENR(MSPEC). = ((TOTAL=ANATI/TOTAL)* 100

ND = NC+1

DO 20 KK={,ND
KP = KK¢g .
FRAC(XK,NSPFL) = PT(KP,NSPEC)Y/TOTAL
AKK = KK={

eh C13 = 013 +FRAC(XKK,NSPEC)*AKK

CPER(NSPECY = (C13/CATOM)x1D

XLOGC(NSPEC) = ALOGIB(CPER(NSPEC))

Gn Y0 S

106 CONTINUE

TIMI(NP) = @,

DD 1S Ki=3,MX

K & Ki=2

15 TIMI(NP) = TIMICNP) & (TKEEP(KY&PT(K§,NPY/TDTAL)

K2 = @

50 K2 = K2+!

1F(K2,GT,NP) GO TO 33

TFCTIM{(K2) FQ.B.) GO TO 3@

TLOG{K2) = ALOGIB(TIMI(K?Z))

. Go Yo 32 :
31 CONTINUVE
PRINT 470 _
40D FORMAT(///0%,%#C 13 ATOMS=wk  2X, 2Rk, BX, %1%, BX, %2%, BX, %Nk, 8Xykdk, BX,
2 *Sk.ﬂx,*l)*,ﬂxl*’lk.m(,*8*,6)(,*Qt.BX.tlﬂilllxl*SPECTRU” Nn'*/)
DO §R21 NSPEC=],NP o
101 PRINT U4n{, MSPEC,(FRAC(KK,NSPEC),KKz1,11)
401 FORMAT(SX, 12,124,911 (F6.5,3X)/7)

PRINT 4n?

402 FORMATI//BX, %03 ATUMSewa , 2X k1 I h,p TX, %124, TX ) x13%,7X, 510%x,TX,x15%,
2 TXeR16%, TX, k1 T4, TX, 1R&, TX, 6194, VX, x284//1X, ASPECTRUM NN, /)
DO 1A% NSPEC=],NP
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103 PRINT 4P3%, NSPEC, (FRAC(KK,NSPEC),KK=12,21)
4R3 FORMAT(SX,72,17X,10(F6,5,3X)/)
PRINT up4
004 FORMAT(//1X, »SPECTRUM NQ,x, UX,*PERCENT NATURAL%,3X,+PERCENY ENRICH
2C0%,3X, %xATOM PERCENT C13%,3X, %L 0618 ATOMXx,6X, «TIME TOr,8X, #0610 T
I1IMEx)
PRINT 405
40S FNRMAT(ISX, xABUNDANCE MATERTAL*,7X, sMATERIALS, 20X,*PERCENT Ci3x,
26X *POINT*)
PO 186 NSPEC=1,NP ‘
106 PRINT 4p6, MNSPEC,XNAT(NSPEC),XENR(MNSPEC),CPER(NSPEL),XLOGC(NSPEC),
2TIMI(NSPEC), TLOGINSPED)
406 FORMAT(/5X,12,)d%X,Fb,3,12X,F6, 3,11X FTla3: 11XoFTeld, TX,F6,0,8Y%, F7,5)
D0 47 IND={,N
IF(TKFEP(INDY.ER,.B.) GO TN So
TLOGK{IND) = ALDGIALTKEEP(TIND))
S8 CONYINUE
TuP = jKEEP(IND1#SKEEP(IND)
1F(TUP.FQR,.8.) GN TO 52
TLOGUP(INDY = ALOGIR(TUP)
52 CONTINUF
TOOAN = TKEEP(IND)=SKEEP(IND)
VF(TDOWN,ED, ”.) GO TN S4
TLOGD(INDY = ALNGIP(TDOWN)
S4 CONTINUF
47 CONTINUE
PRINT &7 } .
4T FORMAT(////72X, *NDMTINAL MASSx, 3IX, *MEAN TIMEx,3X,%STD, DEV,%,8Y%,
2 *L0GIA*, TX, x| OG10%, TX, *LNG1A&/44X, A MEAN TIMEx,3X,#LIMIT UPs,3X,
3 «LIMIT DOWN#/)
DO 1MA8 NEwW=1,N
108 PRINT 4pR, M(NEW),TKEEP(MEW),SKEEP{NEW), TLOGK(NEW), TLOGUP (NEW),
2 TLOGD({NEW)
UPB FORMAT(/6X%, T3 BX FB, 24X, FT o3 9%, FT, 5, UX,FT,5,4%X,F7,5)
PRINT 460
U6 FORMAT(//719%,xAREA UNDER%,3X,%xSTD, DEV,2,6X,x5IGMAx,3X,«8TD, DEV,.#+
2 /21X xCURVEX, 7%, %x0F AREA%, 15X, x0F SIGMAA//)
DO 7. NIP=q,N
76 PRINT 4703, HEAD(1,NIP),PT(NJP,NP),SPI(NIP),P2(NIP),SP2(NIP)
47p FORMAT(IX,A10,4X,F13,2,2%,F0,.3,4X,F8.3,3X,FR.4)
NCYCLE = A
RETURN
END



[}

IO

142

SUBRDUYTNE CORREC

SUBROUYINE CORREC SUBTRACTS THE CONTRIBUTION OF H2, 017, AND D18
FROM EACH PEAK T0O PRODUCE A CORRECTEDR SPECTRUM, 1T ALSO SUBTRACTS THE Ci13
CONTRTIBUTION OF THE METHOXY CARBON,

COMMON /EXTRA/DATA(25,99),M(25),PT(25,09),TIMI(99),N, NC, NP, NO,
2NPEAK,CATOM,HATOM, OATOM, AC, AH,AD, AOX,PREP(99,9),N1,HEAD(8,25),
BSKEEP(2S) s TKEEP(99),SP1(25),P2(25),SP2(25Y,PU(25),8PI(25),BKG(99),
4 FRAC(25,99),C0M(4),CPER(99),NVERG(2S)

DIMENSION X1 0OGC(99),XENR(99),TLOG(99), TLOGK(2S)TLOGUP(2])
2. TLOGR(25),XNAT(99)

PRTINT 4n{ ‘ )

4pl FORMAT(///2X,*NOMINAL MASS+, {BX,xCALCULATED FROM CURVES%/)

J2 = @

A J1 & g2+

J2 = J1+49

1F(J2,6T,ND) J2=NO

DD 6 Y={,N i

6 PRINT 4p6, (M(I),(PT(Y,J),Jded1,d2))
406 FORMAT(SX,T3,BX,10(F7,1,3X))
PRINY 4@y
4n7 FORMAT(///)
1F(J2/NELNDY GO TO 4 .
PRINT 4PB, (M(I},PT(I,NP),J=1,N)
408 FNRMAT(SX,T3,BX,E15,6) i

CFY = AH¥HATOM+ADXDATOMFACK],

Af =DATOMA(AOX+ (DATOM=1,)*xADXAD/2,)

A2 = HATOMA (RATOM=1,)%AHXAH/2,

S DATOM®xAO*HATOMKAH
AU = AC% |, x(AH*HATOM+ADXOATOM)
CF2 = Al1+A2#A3+A4
DO 13 J=1,NP
DO 13 TI=3,N
IN = 1=y
IM = ]2
PT(IN,J)%CF
€M = PT(1M,0)%CF2
1F(PT(I,3V,EB.R.) GO TO 13
) PT(I,J) = PT(Y,J)=CN=CM
13 COANTINUE
PRINT 4in . ' _
410 FORMAT(//7/72X,*NOMINAL MASSs, 10X, *CORRECTED PEAK INTENSITIESk/)
J2 =9
4p 31 = J2+14
J2 = J1+9
TF(J2.GT.NDY J2=ND
DO 41 I=t,N _
4 PRINT d1f, (M(Y),(PT(1,J),d=ti,d20)
411 FORMAT(SX,T13,RX,1R(F7,1,3X))
PRINT ut2
412 FORMAT(///)
IF(J2.NELNDY GO TO 40
PRINT #13, (M(TY,PT(I,NP),T=1,N)
413 FORMAT(S5X,T3,8%X,E15,6)
RETURN
END

(2]
A4
" "
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r
¢
SUBROUTTNE KEEP
¢
*CALL COMMON
COMMON ZEXTRAZDATA(25,99),M(25),PT(25,09), TIM{(99),N,NC,NP,NO,
2NPEAK, CATOM, HATOM, DATOM, AC, AH, AD, 40X, PREP (99, 9) ,Ni , HEAD (8, 25),
ISKEEP (25), TKEEP(99),SP1(25),P2(25),5P2(25),PU(25),8P4(25)BKG99),
4 FRAC(25,99),C0H(4),CPER(99),NVERG(2S)
DIMENSTON X{.0GC(99),XENR(99),TLOG(99), TLOGK(25), TLOGUP (25)
2, TLOGD(25), XNAT(99)
1F(,NOT,CONVERGY GD TO 48
CHECKY = PREP(N{,1)/P(1)
TF(CHERK1,LT,.01,0R,CHECKT,6T,100,) GO T0 49
CHECK? = PREP(NI,2)/P(2)
1F(CRECK2.LT..01,0R,CHECK2,6T,1A0,) GO TO 49
CHECK3 = PREP(N{,3)/P(3)
1F(CHECK3.17..B1.0R,CHECK3,6T,108,) G0 TO 4@
DO Se TJz1,NO
PT(NI,TJ) = CF(IJ)
50 CONTINUE

PT(NI,NP)Y = P(I)
TKEEP(NIY = P(3)
SKEFP(N1) = SIGMAP(3)

SPI(N1) = SIGMAF(1)
F2(N1) = P(2)
SP2(N1) = STGMAP(2)
Pa(Ng) = PCA)
SPA(NI) = STGMAF(4)
6O TO &0

&6 CONTINUE )
NVERG(NL) = ]

DN 3¢ JTK=1,NO
PT(N1,TK) = DATA(NI,IK)
38 CONTINUF

PT(Ni,NPY = 1,
TKEEP (ML) = 4,
SKEEP(N1) = 4,

68 CONTINUFE
RETURN

END
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c
*CALL

10

20
b 4]
49
ann

oy

55

4s7

458

60

144

SUBRNMUTINE SWITCH

coMMNON
COMMON ZEXTRAZDATA(25,99),M(25),PT(25,09), TIMI (99}, N, NC, NP, ND,
2NPEAK, CATOM, HATOM, DATOM, AC, AH, AD, ADY,PREP(99,9),N1,HFAD({8,25),
SSKEFP(2S)pTKEEP(99);SPI(?5),P2(25) SPZ(ES).PU(ES),SPACES)pBKG(°Q).
4 FRAC(25,99),C0M(U),CPER(99),NVERG(2S)

DIMENSTON XL OBC(99),XENR(9Q),TLOG(9Q),TLOBK(25), TLOGUP(25)

2, TLOGD(25), XNAT(99)

EXTERNAL Fai2,DFa12

PLTDATA = 1
PLTCF = 1
TYVAR =
1XVAR = 2
1KEY = ¢
NPTS = NO

TF(NJLEQ,0) GO TO 10 )
IF( NOT,CONVERGY NVERG(MNiI) = |
Nf = Nitg
IF(N1,GT,N)Y GO TO 85
D 22 IN=1,ND
X(IN,1) = DATA(NL, ITN)
X(IN,2) = TIMI(TNY
COMYINUE
DO 3 LN={,NPARAM
PGCLN)Y = PREP(NI,LN)
DO ue T=1,8
TITLE(I) = HEAD(I,NI)
PRINT apg, TITLE , _
FORMATU /722X %/ 1717771270777 7777777%,6%X,8A10)
DO 44 I=1,4
PTITLEC]IY = HEAD(I,N{)
YF(N{, EQ.1.AND,TKEY,EQ,®) GO TO 99
CaLt MAPDUAR{F?l?:hFO!?)
TF(,NOT,CONVERG, AND,IKEY,ER,2) CALL PLTPACK(FRI2) "
1F(,NOT,CONVERGY NVERG(N1)=]
1FCIKEY,L EQ,0B,AND . NVFRG(N1Y,EQ.1) GO TO 10
Call KtEP
1F(TKEY.EG, ) GC TN 1P
CALL DUTPACK
Catt PLTPACK(F®iI2)
GhH 70 1P
CONTINUE
IF(IKEY.NE. 1) GO TO 99
PRINT 0¢S7
FORMAT( /774X, *NOMINAL MASS#,4X,4«SKEW FACTOR%,4X,%STD DEV OF §,F,%)
Ny = Nej
PRINTYSR, (M(IK),Pu(IK),SPUCIK),TIKE3, N{)
FORMAT(BXy T3, 1 IX,Fboths 12X, Fb,4) .
WS = @,
WSKEW = 0,
100 = NC+19
DG 62 K=1,IDO
TF(NVERG(XK42),FQ,1) GO TO 60
WX = 1,/(5PU(K+2)Y%xSP4(K+2))
WS = WS+WX
HSKEW = WSKFw+WX&kPY(K+2)
CONTINUE
WSKEW = WSKEW/WS



65
70

20
2ne

9q

DO 7@ J=i,N

PREP(J,U4) = WSKEW
1F(NVERG(JY.FQ, 1) Gt TO 65
PREP(J,)1) = PT(J,NP)
PREP(J,2) = P2(ID
PREP(J:s3) = TKEEP(I
CONTINUE

NVERG(J) =2

CONTINUE

DN 29 TRNN={,N
PRINT 209, (PREP(INN,J1,J=1,NPARAM) ,NVERG(INN)

CONTTINUE

FORMAT(F1P.0,FS.1,FS5.0,FT,4,F3.0,71p)

FIXPAR(4)

-
s

4

TEST = 1,R0np0E=5

Nt = @
IKEY = 1§
GO YO 1@
CONTINUE
RETURN
END
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C
SUBROUTINE I8DTOPE
C
*CALL COMMON
COMMON ZEXTRA/DATA(25,99) ,M(25),PT(25,09), TIH{(99),N, NC NP, NDY,
PNPEAK, CATOM, HATOM, NATOM, AC, A, AD, ADX, PREP(QQ,‘”le,HEAD(B;?S)l
ISKEEP(25), TKEEP(99),8P1(25), P?(ZS)pSP?(ES)pPa(ZSS,SPH(ZS);BKthqia
4 FRAC(25,99),C0M(4),CPER(99),NVERG(25)
DIMENSTON ¥| 0GC(99),XENR(99),TL06(99),TLDGK(25Y, TLOGUP(2S)
2:TLOGDL25) , XNAT(99)
AC = 1,RBPEwA2
AH = |,6A03E-0L
AN & 3,900%E=-04
ADX = 2.PQUBE-03 . ) ~
READ 200, NPFAK,NO,CATOM,HATOM, DATOM, (COM(T),I=4,4)
208 FORMAT(TIZ,1X,52,2Xs3(F2,@3,1X),6A10)
PRINT 4S8, (COM(I),I=1,4)
450 FNRMAT(////kzsss==szesk,2X, uAjﬂ,sX,::::::::-::szt-: sprroetTes)
NC = CATOM
N = 4+NC
READ 282, (BKG(J),Jd=1,N)
~ READ 201, (TIMI(L),L=1,ND)
201 FORMAT(12F6,.0)
Do 22 JJ={,ND .
22 READ 202, (DATA(TY, dN),11=1,N)
2n2 FORMAT(14FS,.a)
DO 25 JD=t,ND
DO 25 IDz=y,N
TF(DATACID, DI, LT, 188R,) GO TO 133
1F(DATACID, D)1 T,2008,) 60 TO 34

Go T0 15 :

T3 DATACID,JD) = DATA(ID,3D)/1d,
G0 TO 25 ,

S4 DATA(ID,JD) = DATACID,JID)=1nRa,
60 TO 25

%5 DATA(ID,JDY = (DATACID,JdD)Y=2n0aQ,)x10p,
25 CONYINUE
DO 26 J=i,M
DO 26 Ks=i,MN0
DAYA(CJ,K) = DATA(JI,K)e (BKG(!)/!? )
TF(DATACS, K, LT.B.) DATA(J,K)=n,
26 CONTINUE
M{1)=NPEAKn?
D0 27 TI=2,N
27T M(IT) = M(II 1341
HED = 6M MASS
HD = {H,
HEAD(b, 1) ® YQHZZZ7777717
HEADCT 1) = 1QR//L1771777
128 FORMAT(AG,T%,A1)
DO 28 Tl=zi,NM
NVERG(ITY = 0
HEAD(6,TTY = HEAD(6,1)
MEADC7,TI) = HEAD(T, 1)
ENCODE(10,12R, HEAD(1,TT)) HED,M(II),KD
DO 2R J=2,4 »
HEAD(J, T1) = COM(I)
28 CONTINUF
PRINTY 4ay{
451 FORMAT(//72X, «NOMINAL MASS+, 10X, 2INPUT DATA FOR PEAK INTENSITIESA/)
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52
4s2

4s3
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2n%
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J2 =¢

J1 = Je+d

Jz = J1+9

1F(J2,6T.ND) J2=NC

DO S2 TI={,N .

PRINY 452, (M(YT), (DATA(II,d),03=d1,J20N
FORMAT (5X, 13,B8X,10(FT,1,3X))

PRINT 453

FORMAT(/77)

1F(J2,NE.NO) GO TO S@

NNO = NO/Z2

TIM2 = (TIMI(ND)=TIMI(1))/4,

DD 29 INNE§,N

PREP(INN, 1) = DATA(INN,NMO)#6d, . )
1F(DATACINN,NNOY,EG,@,) PREP(INN,1) = 60,

PREP(INN,2) = TIM?

PREP(INN,3) = TIMI(NND)
CPREP(INN,4) = ,001

PREP(INN,5) = 0, )

PRINT 209, (PREP(INN,J),J=1,NPARAM)

CONTINUE . )

FURMAT(Fi@.n,Fs.i;FS.O' F7QQ'F5.“)

NP = NO+t{

Ni = @

RETURN

END
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