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Abstract:

Determination of the structure of each contributor to a complex mixture without prior separation is

illustrated. Successful analysis of eight naturally occurring mixtures of estrogenic steroids has been accomplished
via computerized interpretation of a variety of mass spectral data acquired on underivatized, unseparated mixtures.
These data include high resolution mass spectra, low ionizing voltage spectra, and metastable ion spectra. Ju-
dicious selection of these data on metastable ions sufficient to distinguish among candidate molecular structures is
shown to yield improved performance with concomitant reduction in sample consumption and analysis time.
This approach complements conventional methods of analysis of such mixtures as it offers greater structural speci-
ficity whereas the technique of combined gas chromatography-low resolution mass spectrometry applied to the
analysis of derivatized samples is better suited for quantitation and detection of trace components.

he identities and distributions of estrogens in
biological fluids and tissues are important prob-
lems, for example, in the determination of fetal well-
being and the relationship between estrogen metab-
olism and disease. Classical methods for clinical
determination of estrogens include colorimetric and
fluorometric procedures. More recently, gas chro-
matographic methods? (gc) and combined gas chroma-
tography-low resolution mass spectrometry (gc-I-
rms)®* have been applied to this problem. The
gc-Irms technique is a powerful tool for routine analy-
ses and has facilitated the identification of new estro-
gen metabolites.>=* Gas chromatography in con-
nection with a high resolution mass spectrometer
(gc-hrms) has been proposed for general analysis of
mixtures of steroids.®
With the exception of gc-hrms, the above techniques
suffer to a greater or lesser degree from an inability
to provide structure-specific information, particularly
when confronted with hitherto unknown structures.
The ge-Irms technique is more specific than gc analysis
alone, but cannot avoid ambiguities of elemental
composition. However, optimal use of gc-Irms coupled
with appropriate reference compounds makes it pos-
sible to arrive at a definite structure of an unknown
estrogen detected in biological material.#* Gc-ms
at either high or low resolution requires derivatiza-
tion of samples to increase volatility for most classes
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of steroids, including the estrogens. The parent com-
pounds, however, frequently exhibit mass spectra
which are more characteristic of molecular structure
than suitable gc derivatives. For this reason, a dis-
cussion of gc-hrms techniques for steroids has recom-
mended gc analysis of underivatized compounds
where possible.®

Estrogens are a class of steroids whose fragmenta-
tion patterns are intimately related to molecular struc-
ture;? furthermore, their mass spectra have been sub-
jected to extensive analysis by computer.®® This re-
lationship is sometimes diminished through derivative
formation!® (e.g., trimethylsilyl ethers and especially
acetates) as competing fragmentations involving the
new functionality may predominate. Unless sufficient
reference spectra of standard compounds are avail-
able, identification of an unknown derivatized com-
pound is difficult. These considerations suggest that
the ability to study unseparated, underivatized mix-
tures of estrogens (or other classes of compounds)
would provide an extra dimension of structure-specific
information which would complement gc and gc-ms
data. This ability would also make derivatization
steps unnecessary thus minimizing sample loss and
contamination, simultaneously saving time. Ideally,
this analysis could be carried out in the presence of
significant amounts of impurities.

A computer program has recently been described
which reasons about mass spectral data from first
principles® (originally referred to as a ‘‘planner”).
It is immaterial to the planner whether the mass spectral
data (high resolution (hrms), metastable ion (MI),
and low ionizing voltage (LEV)) and other chemical
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data brought to bear on the analysis result from a
single compound or mixture of compounds. The
planner attempts a detailed structural analysis of each
molecular ion (component). This approach may be
contrasted with previous applications of high resolu-
tion mass spectra to complex mixtures where molecular
ions of certain compositions were presumed to rep-
resent specific structures or structural types.!!.12
There are, to our knowledge, only two examples in
the literature describing approaches toward rationaliza-
tion of the molecular structure of each component
in a complex mixture based on computerized analysis
of the high resolution mass spectrum of the mixture,!3-15
One example,!®!* in the area of sequence determina-
tion of each member of a mixture of peptides, points
out the limitations of the high resolution mass spec-
trum alone, and utilizes other mass spectral data ac-
quired on such mixtures (MI data and fractional vola-
tilization curves) to aid analysis.

The approach described herein, in addition to being
more systematic and thorough than a manual inter-
preter (whose basic limitation is patience), also has
the advantage of generality.® It is not restricted to
estrogenic steroids and can potentially be extended
to mixtures of other types of compounds.

Results

The philosophy and operation of the analysis pro-
gram (“‘estrogen planner”) have been discussed in
considerable detail previously.! The planner’s capabil-
ity for analysis of mixtures was also illustrated for
spectra of inadvertent mixtures.® For the results
described in this report, the planner has been made
cognizant of LEV data, which it uses as an aid to the
process of inference of molecular ions. This is a
valuable supplement to or replacement of metastable
ion information in the determination of molecular
ions, especially in cases where sample quantities did
not allow a significant amount of MI data to be col-
lected.

The general analytical procedure is carried out in
a stepwise fashion as illustrated in Figure 1. Because
manual examination of data from one step is time con-
suming relative to the residence time of the sample
in the mass spectrometer, separate aliquots of sample
are used. The high resolution spectra are recorded
as the sample is volatilized slowly from the direct
insertion probe of the instrument. Several spectra
representative of the qualitative content (containing
the same ions, but with varying relative abundances)
of the mixture can usually be obtained, one of which
is processed further. An LEV spectrum is then re-
corded at sufficiently low ionizing voltages so that only
molecular ions are observed. Based on the results
of hrms, attention can be focused on the molecular
weight range of interest;!® scanning the entire spec-
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Figure 1. General scheme for analysis of estrogen mixtures. Man-
ual intervention (light arrows) is required in running the samples,
setting up the estrogen planner for a run and evaluation of candidate
structures to select MI data. Heavy arrows indicate steps performed
by a computer program.

trum yields no additional information as far as the
molecular ions are concerned. This is one point
where sample may be conserved.

The hrms and LEV data, which allow inference of
molecular ions, are sufficient to permit a first run
through the estrogen planner. This run is usually
made with all thresholds and special constraints
removed® to allow association of all possible fragment
ions with each molecular ion. There is no way of
associating specific fragments with a particular molec-
ular ion from a single high resolution mass spectrum
alone. Thus, it is likely that several of the possible
fragment ions associated with a molecular ion do not
arise from this molecular ion. The procedure results
in varying numbers of candidate structures, including
the correct one, unless key fragment ions from a minor
component are absent from the spectrum. The
structures can be differentiated if necessary on the
basis of data on defocused metastable ions (e.g.,
Barber-Elliott technique!”) which associates specific
fragment ions unambiguously with their respective
molecular ions.’®* Note that this differentiation may
require only a small number of MI determinations in
contrast to the unguided collection of all metastable
ion data.!®!*» This has the result of significant con-
servation of sample and analytical time while removing
ambiguities of structure. Specific examples illustrate
these points in more detail (vide infra).

The mixtures studied were obtained from pregnancy
urine by the method of Adlercreutz and Luukkainen.!®
The procedure has been slightly modified and will
be described in detail by Adlercreutz.?® The most
abundant estrogens were quantitated by gc in Helsinki.
Ge-Irms analysis of a large number of pregnancy
urine samples had revealed the presence of both known
and unknown estrogens. Only those estrogens for
which some structural information was available are
reported in Table I (last column). Nonestrogenic
is not true in general, however, as other classes of compounds may show
molecular ions of low abundance or fragment ions may masquerade as
molecular ions, Either or both LEV and MI data should be obtained
if possible as confirmatory evidence.
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Table 1. Comparison of Results Obtained from the Estrogen Planner and Conventional Analysis by Gc and Ge-Lrms

Mixtures  Amount,® ug

Molecular ions?

Results

Estrogen planner

Conventional analysis

A 119
B 99
C 76
D 58
E 34
Fr 26

270 (CsHy»0,)¢

300 (CyoH3,05)°

286 (CisH»03)
298 (CysH1,05)
284 (C1sH3:05)

288 (CisH1:05)

288 (CsH1.0;)°

286 (C1sH205)

286 (CisH03)

286 (Ci9H2s05)

284 (C19H2402)
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809 estrone

20% 2-methoxyestrone

Not reported
Not reported
Not reported

Estriol plus trace amounts of
others

Estriol plus trace amounts of
others

709, 16a-hydroxyestrone
°1168-hydroxyestrone

259% 16-oxoestradiol-173
5% 1Sa-hydroxyestrone

63 16a-hydroxyestrone
°1168-hydroxyestrone

23 % 16-oxoestradiol-178
99 15a-hydroxyestrone

70 estradiol-17¢ 3-methyl ether
~T0% estradiol-178 3-methy! ether

~20% 11-dehydroestradiol-17«
3-methyl ether plus small amounts
of several unknowns with one
additional double bond



Table I (Continued)
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Results
Mixturee  Amount,® ug Molecular ions? Estrogen planner Conventional analysis
OH
OH
300 (C1pH1:03) /Cjoéjé Unknown
CH,0
OH
OH
OH
0
G 24 270 (CysH:0s)
~90% estrone
HO
0
300 (C15H,405) cmoﬁjgﬁ ~109 2-methoxyestrone
HO
286 (C15Hx03) f Not reported
OH
He 14 286 (C1oHz601) ~80 estradiol-17a 3-methyl ether
% estradiol-178 3-methyl ether

284 (Ci5H240y)

CHO

~20% 11-dehydroestradiol-17¢
3-methyl ether plus several un-
knowns with one or two addi-
tional double bonds?

@ See text for more complete discussion. ? Inferred by the planner from LEV and hrms data. The planner selects the best candidate if more
than one ion is present at the nominal mass determined from an LEV experiment, using a set of plausibility criteria (see ref 8), ¢ Weight de-
termined by gc quantitation as trimethylsilyl ethers. Prior to computer analysis, the trimethylsilyl groups were removed by mild hydrolysis.
¢ Extensive metastable ion data obtained. ¢ Some metastable ion data obtained. / Molecular ion too weak for reliable analysis without

extensive metastable ion data. ¢ As 3-methyl ether derivatives. * See text for discussion.

saturation on rings C or D.

material was known to be present in all mixtures but
was not reported and is not discussed in the subse-
quent paragraphs. This material included significant
amounts of dioctyl phthalate and other, generally
unknown materials. The constitution of the mixtures

i A hydroxyl, presumably at C-17, and an un-

was unknown, however, to those involved in the com-
puter-aided analyses; they were analyzed as true un-
knowns. The conclusions of the estrogen planner
are compared to the results from conventional analyses
in Table I,
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Figure 2. Results obtained for mixture A illustrating the increased
specificity and decreased analysis time with input of additional in-
formation.

Discussion

General Comments. The mixtures analyzed in this
study proved to consist of at most four major com-
ponents, primarily as the result of extensive prior
separations. Although they may not qualify as par-
ticularly complex mixtures, the performance of the
estrogen planner is certainly encouraging. As noted
previously,® mass spectra of underivatized estrogens
may not permit differentiation between epimeric
compounds, particularly if the spectrum is of a mixture
of compounds.?! For this reason, stereochemistry
of substituents is not specified in the structures in
Table I. As predicted previously,® structural analysis
of compounds representing minor contributors to the
mixture (e.g., mfe 286 (C;sHz03), mixtures A and G)
is prone to errors resulting from consideration of
spurious or ambiguous evidence. Without MI data
structural analysis of minor constituents was not at-
tempted, although a determination of the elemental
composition is a valuable piece of information in
itself.

Mixture A. These results, which agree with con-
ventional analysis, are unambiguous because sample
quantities permitted acquisition of extensive metastable
data. M/e 286 (CisH;.0;) is a component not reported
in the conventional analysis. LEV data indicate the
existence of monounsaturated analogs of mfe 286
(m/e 284, C15H2003) and m/e 300 (m/e 298, C19H2203).
These low abundance molecular ions represent hitherto
unknown structures and will be the objects of further
investigation.

Mixture B. The single structure which was deter-
mined corresponds to estriol, the result obtained from
conventional analysis. Other estrogens may be present
in this particular fraction. However, the high abun-
dance of estriol relative to other possible contributors
has precluded analysis by either technique.

Mixture C. Results are similar to those obtained for
mixture B,

Mixture D. The planner found evidence for the two

(21) Some success has been achieved in differentiation of epimeric
trimethylsilyl ether derivatives via careful comparison of normal and
LEV mass spectra. See H. Adlercreutz and T. Luukkainen, in ref
19, p 93.

indicated structures, but not for the smallest con-
stituent (15a-hydroxyestrone). Note that all com-
ponents have the same molecular weight and formula,
so that there is only a single molecular ion. The
nonepimeric compounds can be differentiated by the
planner when the spectra of pure compounds are
analyzed. Evidence for both structures (Table I)
indicates that both may be present. Confirmatory
evidence could in principle be obtained from meta-
stable ion data, but the diminished quantity of material
precluded such experiments.

The compounds in mixtures D and E are extremely
labile. The time lapse between isolation and final
analysis was relatively long and may have resulted in
significant destruction of the estrogens, resulting in
problems of detection of the compounds present in
lesser amounts, notably 15«a-hydroxyestrone.

Mixture E. This is a similar fraction to mixture D.
The planner determined the correct structure for the
major component but had insufficient evidence to build
structures for the other components.

Mixture F. A single, correct structure was deter-
mined for the major component. The second com-
ponent (m/e 284, C;sH»,0,) has four possible struc-
tures, varying in the placement of the unsaturation
in rings C and D, one of which is correct. The four
possibilities should be differentiated by the planner
when spectra of pure compounds are analyzed (11-
dehydroestradiol-17«¢ has never been synthesized so
it is not possible to guarantee that its spectrum is
unique). In this instance, fragment ions from other
molecular ions may masquerade as necessary data
for these candidates. Metastable ion data are re-
quired to determine whether all or only some of the
indicated structures are present. The second struc-
ture (estrone methyl ether) is not possible based on
the chemistry of the isolation procedure which yields
this nonketonic fraction. The unknown component
(m/e 300, C;yH,40;) is unexpected. Candidate struc-
tures are indicated in Table I. Because the molecular
ion is of low abundance it is possible that fragment
ions are absent which would permit other possibilities.
The identity of this component is under continuing
investigation, but the presence of a ketonic function
in the nonketonic fraction is unlikely. Other estrogens
with additional double bonds, in agreement with pre-
vious work,%# are suggested by the low ionizing
voltage and high resolution mass spectral data.

Mixture G. Results are similar to those obtained
for mixture A. Again, there is a previously unreported
contributor (m/e 286, C;sH;:03).

Mixture H. This is a fraction similar to mixture F.
In this case, however, a spurious peak from an impurity
masqueraded as a key fragment while the correct
fragment was absent. This results in some ambiguity
in placement of, particularly, the unsaturation for
m/e 284 (C19H2402).

Metastable Ion Information. The results described
have been obtained with the maximum available data
from the complementary techniques of hrms and
acquisition of MI and LEV data. Where sample quanti-
ties permitted, MI data were acquired.” As alluded
to previously, manual selection of relevant MI data to
be acquired allows easier distinction among candidate
structures and more rapid analysis. This point is
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amply demonstrated with the example of mixture A
(Table I). The effects of constraining possible struc-
tures with available data are illustrated in Figure 2.
Hrms and LEV data result in inference of the indicated
molecular ions Al, A2, and A3. Molecular ion A3
was not processed further. There are many possible
structures of estrogens (labeled 1 — »n for Al, 1 — m
for A2) which are allowed by the molecular formulas
alone. Subsequent analysis of the hrms data by the
estrogen planner results in 33 structures for Al and
nine structures for A2. Thus the constraints of the
hrms data (compositions of all observed fragment
ions) allow specification of a greatly reduced set of
candidate structures. These results were examined
and a set of MI experiments was specified to at least
partially distinguish among these structures. These
experiments resulted in a complete specification of
each of the five key fragment ions® for A2, and two
out of five key fragment ions for Al. A rerun of the
estrogen planner (this time constrained by both hrms
and MI data) resulted in a set of four structures for
Al (two pairs of equivalent structures) and two equiv-
alent structures for A2, (The equivalent structures are
the enol forms of the C-17 keto group.) ‘Natural”
rules® remove one pair of structures for Al, resulting
in the final conclusions indicated in Figure 2. The
factor of 10 improvement in analysis time (38 min
vs. 3.9 min) results from the fact that the MI data
forbid certain branches from being followed in the tree
(Figure 2) representing construction of structures.
If a complete set of MI data can be obtained (five
determinations), as could be accomplished for molec-
ular ion A2, processing time may be further reduced
to typically 10-20 sec per molecular ion. This time
reduction becomes very important if automation and
control of the experimental procedure are desired, par-
ticularly in view of limited sample quantities.

Another example is provided by the case of mixture
F (see Figure 3). The constraints of the hrms and
LEV data alone yielded six structures for molecular
ion F1, one structure for F2, and 15 structures for F3.
In this example, molecular ion F2 has a unique solu-
tion, and attention can thus be focused on molecular
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Intermediate results for mixture F indicating that a single, correct structure can sometimes be inferred without additional MI or

ions F1 and F3 for subsequent collection of MI data
if required or possible.

It is notable that the structure of a compound may
be inferred in the absence of MI data, as is the case
for several examples in Table I. In the general case,
however, elimination of all but one candidate struc-
ture on chemical grounds may not be possible. In
every case, these conclusions can be placed on a much
firmer footing by acquisition of MI data.!%

Conclusions

As evidenced by the data in Table I, the computer
program is capable of excellent performance in analyz-
ing the major constituents of microgram quantities
of unknown mixtures of estrogens, even in the presence
of significant impurities. It is clear from this study
that the gc-Irms technique is much more suited for
quantitation of these mixtures and for detection of
trace constituents and separation of epimeric com-
pounds. The specificity of the estrogen planner in
terms of molecular structure provides important data
which complement and extend results obtained from
the more classical approaches.

The data provided by the estrogen planner suggest
further mass fragmentographic2? and mass chromato-
graphic?® studies on similar fractions. This makes
it possible to localize, in the gc traces, previously un-
detected compounds, the presence of which is sug-
gested by the estrogen planner, and to further elabo-
rate their structures by monitoring specific ions. Sub-
sequent purification and separation of the compounds
in question will provide more material for detailed
structural studies utilizing the estrogen planner.

It would be feasible to automate all steps indicated
in Figure 1. Automated collection of metastable
data has been described previously.!®-1* Control
of a procedure of this type, directed by intermediate
results of the estrogen planner, would provide a power-
ful analytical tool for structure elucidation based on

(22) (a) C. C. Sweeley, W. H. Elliott, J. Fries, and R. Ryhage, 4nal.
Chem., 38, 1549 (1966); (b) C.-G. Hammar, B. Holmstedt, and R.
Ryhage, Anal. Biochem., 25, 532 (1968).

(23) (a) R. A. Hites and K. Biemann, Anal. Chem., 42, 855 (1970);
(b) R. Reimendal and J. Sjovall, ibid., 44, 21 (1972).
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mass spectral data. In addition, elimination of manual
interpretation and manual instrument control would
permit all necessary experiments to be performed on a
single aliquot of sample. This would allow complete
structural analysis of considerably smaller sample
quantities (potentially <1 ug total mixture) thus con-
serving precious samples.

Experimental Section

High resolution mass spectra were obtained utilizing a Varian-
MAT 711 mass spectrometer operated at an ionizing voltage of
70 eV, an ionizing current of 1.6 mA, and a scan rate of 22 sec/de-
cade at a nominal resolving power of 10,000. LEV spectra were
recorded at an ionizing voltage of 13.5 eV (uncorrected). This
value was determined (utilizing standard samples of estrone, estrone

methyl ether, and estradiol) to yield only molecular ion peaks
in the molecular ion region of estrogens (above Ci;sH,#). First
field-free region metastable ions were analyzed on the Varian-
MAT 711, with additional metastable ion data collected utilizing
a Varian-MAT 311 (second field-free region) (see Acknowledgment).

The computer times mentioned above are those for an IBM
360/50 at the Stanford Medical School’'s ACME facility, a com-
puter which is four to five times slower for this program than the
computer utilized in a previous study (IBM 360/67).8

Acknowledgment. We are indebted to Dr. A. L.
Burlingame, Space Sciences Laboratory, University of
California, Berkeley, for making available to us time
on a Varian-MAT 311 mass spectrometer for deter-
mination of some of the metastable ion data obtained
for mixtures A-C.
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Abstract:

The nuclear magnetic resonance vicinal coupling constants for histidine and im-benzyl-, N-acyl-, and

O-methylhistidines have been obtained in deuterium oxide solutions at acidic, neutral, and basic pH. Equations
used in calculating relative rotamer populations have been derived which include terms for the functions of dihedral
angles, substituent electronegativities, and orientation in vicinal coupling. A model is presented in which the
rotamer populations of histidine and its derivatives are determined by an electrostatic interaction between the
carboxylate anion and the imidazole ring, which stabilizes the conformation in which these groups are in close

proximity.

IAS a result of our interest in the solution structure
of histidine analogs and peptides which contain
these analogs,? we have reexamined the proton mag-
netic resonance data concerning histidine and histidine
derivatives. An understanding of histidine confor-
mations and the relative importance of the interac-
tions which determine these orientations were found
to be important in problems of peptide secondary and
tertiary structure.? Proton magnetic resonance tech-
niques are particularly well suited to an investigation
of these questions. Previous papers have described
the relative populations of rotamer conformations?
of histidine and factors which affect the energy differ-
ences.* Others have noted the variations of pmr’
and '*C nmr® parameters with pH and have attempted
to correlate these with electronic structure.’” Pmr
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