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INTRODUCTION

This proposal seeks a three year extension of our existing
jrant for Resource Related Res2arch - Computers and Chemistry
(RR-00612) . Over the two years we have been supported by this
grant we have made signitficant progress in all of the areas we
initially proposed including clinical applications ot body fluid
analysis by yas chromtography/mass spectrometery (GC/NS),
extensions to automate our GC/MS instrumentation and data
systems, and the development of programs which, in specific
areas, match human performance in interpreting mass spectra irom
first principles as well as extend mass spectral theory to new
classes of compounds. Our success to date reinforces our
aexpectations that this research will have a significant arnd
useful impact on medical research involving studies of human
biochemistry. As discussed in section B(ii) of this proposal, we
have bolstered contact with real clinical problems through the
Department of Pediatrics (Prof2ssor Howard Cann). We have
recently encountered preliminacry correlations between the amount
of beta-amino isobutyric acid present in the urine of children
Wwith lymphoblastic leukemia and the state of their disease; and
also between a defect in phenylalanine-tyrosine metabolism and
late metabolic acidosis in premature intants.

This project is highly interuisciplinary, wmergiung the
interests of Professors Lederbsryg (Genetics), Djerassi
(Chemistry), and Feijenbaum (Computer Science), in evolvin,j and
applying mass spectrometry as an analytical tool in medicine and
in modeliny aspects of scientific problem solving processes. Mass
spectrometry is an ideal domain for this collaboration. On the
one hand it has special importance to medical science and organic
chemistry as a remarkably sensitive and analytically precise
physical method for studying haman biochemistry at the molecular
level. On the other hand, the problems of mass spectrum
interpretation are at once sufficiently complex to challenye the
human intellect and sufficiently structured to ke dealt with by
current computer proygramming concepts., It is thus a rich,
real-vorld problem domain in which to study the emulation of
lovwer level cognitive tunctions, knowledge representations, and
theory formsation processes.

This combination of interdisciplinary interests promises
both near and long term returns for the research investment. As
indicated above, even with relatively crudely automated systenms,
a significant impact can be made on relevant medical problewms. in
the longer term the increasing load of body fluid analyses, which
will have t> be performed to be responsive to clinical needs,
will require unburdening chemists from the laborious processes of
reducing and interpreting the large volumes of data involved.
These probleas are squarely addressed by the proposed use of
stored libraries of solved spectra, augrented by computer
programs to extend such catalogs by "cognitive"™ insiyght.
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This proposal is organized in a manner similar to the
original in that the overall goals are divided into a4 number of
subtasks. These comprise the original subtask definitions as well
as one additional task proposed to explore the use ot Carbon (13)
nuclear maynetic resonance information as a potentially useful
ad junct to mass spectral information to limit the space of
candidate molecular structures. The resgective proposal subtasks
elaborated upon in subsequent sections include:

o

A: Applications of Artificial Intelligence to Mass
", & v ur

Part B(i): Mass Spectrometer Data Systeama Developaent

Part B(ii): Analysis of the Chemical Constituents of bBody
Fluids

Part C: Extending the Theory of Mass spectrometry by
Computer

Part D: Applications of Carbon (13) Nuclear Magnetic
#esonance Spectrometry to Assist Chemical Structure
Determination

This proposal is related to several others pending, in
progress, or terminating:

l) SUMEX (NIH: RR-00785, pendinjy - Principal Investigator, J.
Lederberg)~- This proposal seeks to estaublish a computer
resource tor the application of artificial intelligence in
medicine as well as for the exploration of GC/MS as a tool for
biomolecular characterization. The present renewal application
is subsumed in the SUMEX application but is submitted
independently to meet NIH renewal application deadlines which
predate National Advisory Research Resources Council
consideration of the 5UMEX proposal. Should SUMEX be approvei,
this proposal will be withdrawn. Should SUMEX not be approved,
this proposal seeks to continue support of our current mass
spectrometry research efforts.

2) Genetics Research Center (NIH: pending - Principal
Investigator, J. Lederberg)-- This proposal seeks to establish
a Genetics Research Center at stanford for research in medical
genetics and the application of such research to clinical
aspects of medical genetics. This proposal incorporates a
significant level ot cooperation between the Departments of
Genetics and Pediatrics at Stanford including clinical
applications of GC/MS. The Genetics Center proposal
complements the present renewal application in that it
concentrates on research aspects of genetic disease whereas
this proposal attacks basic problems of methodology as well as
developeental aspects of applying GC/MS analyses of metabolic
disorders as indicators of disease states in a broader



context.,

3) ACHE (NIH: RK-00311, terminating, July 1973, - Principal
Investigator, J. Lederberg)-- 1he ACME computing resource has
been our major source of computing support for the reduction
and analysis of mass spectral data. This support has beon
provided as a part of the ACME core research program without
an explicit transfer of funds from the DENDRAL project. With
the termination of NIh support, the ACME facility will be
combined with other Medical Center computing functions on a
fee-for-service basis, thereby introducing a new specific item
in our budget to cover these computer costs.

4) Heuristic Programming Research in Artificial Intelligence
(Advanced Research Projects Agency (ARPA): 4D-183, in progress
- Co-Principal Investigators, E. Feigenbauam and J.
Lederber3j)--This on-going research effort complements the
present proposal by supporting those aspects of artifical
intelligence concept and program development not directly
related to medical problem areas. The present NIH-supported
project benefits from this research and acts to enable the
transfer of these ideas into a medically relevant context.

The current resource grant is headed by Professor E.
Feigenbaum as Principal Investigator. He will shortly take a
leave of absence for two years to accept the post of Deputy
Director of the Information Processing Techniques Office of AHPA.
During his absence, Professor Lederberqg will act as Principal
Investigator of the research project., Whereas Professor
Feigenbaum will formally not be a member of the project during
his tenure with ARPA, he will maintain his office locally,
enabling him to maintaipn close intellectual contact with our
research etfort.
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Part A. Applications of Artificial Intelligence to Mass
Spectrometry

OBJECTIVES:

The overall objective of part A of this proposal 1is to
extend the reasoning power of Heuristic DENDRAL. Mass
spectrometry was initially chosen as the task area in which
to explore the techniques of heuristic programming for
molecular structure elucidation. Much of the past and
proposed future efforts will remain directed strongly to
analysis of mass spectra because of the sensitivity and
specificity of the technique. It is clear, however, that
information available from other spectroscopic techniques,
utilized routinely by chemists vwhen sample quantities are
sufficient, can and should be used where appropriate to
obtain structural information which cannot be provided by
mass spectrometry alone. This point is elaborated in the
subsequent discussion of progress and plaas.

A corollary of the overall objective is to tie the Heuristic
DENDEKAL program very closely to the requirements of the
chemical studies outlined below (analysis of steroids from
body fluids) and in Part B of the proposal (analysis of
chemical constituents of wurine, blood, and other body

fluids) < We have previously directed and will continue to
direct our studies toward classes of biologically relevant
molecules. Thus we have the capability of providing

significant support to the chemically oriented activities as
the capabilities of Heuristic DENDRAL are extended.

The overall objective encompasses several sub-tasks,
outlined below, all of which represent critical steps in
building a poverful program in an incremental fashion. This
approach provides an operational program which can be used
by chemists 1in a routine production mode, while extensions
of the program are under development. The sub-tasks are the
tollowing:

4) Extend Heuristic DENDRAL to analysis of the mass spectra
of complex molecules. This includes the assessaent of the
capabilities and limitations of the program in analysis of
unknown compounds or amixtures of coapounds. It also
includes refinement of planning rules which ianfer compound
class or @molecular substructure, both being extreamely
important in subsequent analysis of a mass spectrua.

B) Develop the Cyclic Structure Generator to provide DENDRAL
with the capabilities for generation of all isomers of a
given empirical formula. Define and incorporate constraints
on the generator to exclude implausible isomers. Enlarge
the capacity of the cyclic generator to accept constraints
of demanded or forbidden substructures (GOODLIST, BADLIST).

C) Develop the ability to incorporate information available
from ancillary mass spectrometric techniques (e.qg.,
metastable ion data, low ionizing voltage data, isotopic
labelling) and other spectroscopic data (e.g., substructures
from NMR) into the existing Heuristic DENDRAL program.



D) Extend the Predictor, now capable of prediction of nmass
spectra for 1lipmited classes of molecules, to the design of
experimental strategies. Given a set of data, and partial
or ambiguous structural information based oa these data,
specify additional experiments which may be done to effect a

unique solution or minimize ambiguities.
PBOGRESS:

We have, in the past two Yyears of the existing DENDRAL
grant, made significant progress 1im each of the areas
outlined above. We feel that in some areas the progress has
been particularly exciting, for example, the coapletion of
the program for analysis of the mass spectra of complex
molecules, and completion of the cyclic structure generator
(uncoastrained). The following represents a brief outline
of accomplishments to data, keyed to the objeetives A-D
above. :

A) Extension of Heuristic DENDRAL

Extension of Heuristic DENDRAL to the mass spectra of
complex molecules dictated two importaant agdifications in
the approach used successfully for saturated, aliphatic,
monofunctional (SAM) compounds. To reduce ambiguities of
elemental coaposition inherent 1in 1low resolution mass
spectra, the decision was aade to extend the prograa to
handle high resolution mass spectral data which specify the
empirical composition of every ion. Although the basic
strategy of Heuristic DENDRAL (plan, generate and test) was
maintained, the absence of a cyclic structure generator at
the time the program was written dictated that the basic
skeleton, common to the class of molecules analyzed, be
specified. The techniques of artificial intelligence have
now been applied successfully to a problem of direct
biological relevance, namely, the analysis of the high

resolution mass spectra of estrogenic steroids. The
performance of this program has been shown to compare
tavorably with the performance of trained mass

spectroscopists, see Smith, et.al. (1972). The operation
of this program has been detailed in this publication, a
copy of which 1is attached. Briefly, the program was
designed to emulate the thought processes of an expert as
far as possible. High resolution mass spectral data are
searched for evidence indicating possible substituent
placements about the estrogen skeleton. Molecular
structures alloved by the mass spectral data are tested
against chemical constraints, and candidate solutions are
proposed. Further details of the performance in analysis of
more than thirty estrogen-related derivatives are preseated
in the above publication.

Of particular significance in this effort were, in addition
to exceptional performance, the potential for analysis of
mixtures of estrogens WITHOUT PRIOR SEPARATION, and for
generalization of the programming approach to other classes
of molecules.

Because of the structure of the Heuristic DENDRAL prograam it



is immaterial whether the spectrum to be analyzed is derived
trom a single compound or a wmixture of compounds. Each
component is analyzed, in terms of molecular structure, in
turn, independently of the other components. This facility,
if successful in practice, would represent a significant
advance of the technique of mass spectrometry. Many problen
areas, because of physical characteristics of samples or
limited sample quantities, could be successfully approached
utilizing the spectra of the unseparated mixtures. Even in
combined gas chromatography/mass spectrosetry (GC/MS), many
overlapping peaks will be unresolved and an amalysis program
must be capable of dealing with these aixtures.

In collaboration with Prof. He Adlercreutz of the
University of Helsinki, we have recently completged a series
of analyses of various fractions of estrogens extracted froa
body fluids. These fractions (analyzed by us as unknowmns)
were found to contain between one and four major components,
and structural analysis of each major cosponent was carried
out successfully by the above program. These amixtures were
analyzed as unseparated, underivatized compounds. The
implications of this success are considerable. Many
compounds isolated from body fluids are present in very
small amounts and complete separation of the compounds of
interest trom the many hundreds of other coapounds is
difficult, time-consuming and prone to result in sample loss

and contamination. We have found in this study that
mixtures of 1limited coamplexity, which are difficult to
analyze by conventional GC/H4S techniques without

derivatization (which frequently makes structural analysis
more difficult), can be rationalized even in the presence of
significant asounts of impurities. A manuscript on this
study has been submitted to the Journal of the American
Chemsical Society

In the past year ve have extended our 1library of high
resolution mass spectra of estrogenas to include 67
compounds. These data represent an important resource ahnd
have been included (as 1low resolution spectra for the
moment) in a collection of nmass spectra of biologically
important molecules being organized by Prof. S. Markey at
the University of Colorado. These data have been used
extensively in developing the program strategies for
Meta-DENDRAL (see Part C, belovw).

The Heuristic DENDRAL program for complex molecules has
received considerable attention during the last year in
order to generalize it from its previous emphasis on
specific classes of compounds and program strategies. By
removing information which 1s specitic to estrogens, the
program has become nmuch more dgeneral. This effort has
resulted in a production version of the program which is
designed to allow the chemist to apply the program to the
analysis of the high resolution mass spectrum of any
molecule with a miniaum of effort. Given the spectrum of a
known or unknown compound, the chemist can supply the
tollowing kinds of information to guide analysis of the mass
spectrunm: a) Specitications of basic structure (superatom)
cormon to the class of molecules. b) Specification of the
fragmentation rules to be applied to the superatos, in the



form of bond cleavages, hydrogen transfers and charge
placement. c) Special rules on the relative importance of
the various fragments resulting from the above
fragmentations. d) Threshold settings to prevent
consideration of low intensity ions. e) Available
metastable ion data and the way these data are subsegquently
used -~ to establish definitive relationships betvween
fragment ions and their respective molecular ions. £f)
Available low ionizing voltage data -- to aid the search for
molecular 1ions. ¢) Results of deuterium exchange of labile
hydrogens -~ to specify the number of, e.g., —-OH groups.

We have been very successful in testing the generality of
the program, with particular emphasis on other classes of
biologicaly important molecules. #We have used the progran
in analysis of high resolution mass spectra Qf progesterone
and some sethylated analogs, a small number of
androstane/testosterone related compounds, steroidal
sapogenins and n-butyl-trifluoroacetyl derivatives of amino
acids.

B) Cyclic Structure Geunerator

The cyclic structure generator has been coppleted after
several years of effort under the continuing guidance of
Proressor Lederberg. The boundaries, scope and 1limitations
of chemical structure can now be specified.

The cyclic structure generator now rests on a firm
mathematical foundation such that we are confident of its
thoroughness and ability to generate structures,
prospectively avoiding duplicate structures. The
prospective nature of the generator is a necessity for
efficient implementation, as retrospective checking of each
generated structure to eliminate redundancies is too time
consuming. The necessary concepts have recently been
transformed into an operating progranm. A manuscript
describing the mathematical theory of the heart of the
generator, the labelling algoritha, has been accepted by
Discrete Mathematics (H. Brown, et.al., 1973). A companion
manuscript describing the nmathematical theory ot the
complete generator has been submitted (H. Brown and L.
Masinter, 1973, subnitted).

The cyclic structure ygenerator in its entirety (encompassiny
acyclic and wholly cyclic structures and combinations
thereof) will be described for cheaists (L. Masinter
et.al., 1in preparation). Apart from the labeling algorithm
the remainder of the problem involves, first, the
combinatorics of assignment of atoms to cycles or chains,
and second, construction of acyclic radicals to attach to
the rings using the well known principles of acyclic
DENDRAL. A companion manuscript will soon be submitted
describing for chemists the core of the cyclic structure
generator, the 1labelling algorithn. This algorithm is
capable of construction of all isomers, of wholly cyclic
graphs, which may be formed by labelling the nodes of a
cyclic skeleton with atoas (e.g., C, N, 0) or labelling the
atoms of the skeleton with substituents (e.g., -CH3, -OH).
Through the use of graph theory, and the symmetry-group



properties of cyclic graphs the labelling algorithm avoids
construction of redundant isomers. It identifies equivalent
node positions prospectively before labelling takes place.
It is indicative of the precarious communication between
chemists and mathematicians that it had remained unsolved
(except for trivial simple cases) despite attention for over
100 years. As an indication of the coamplexity ot chenmistry
in teras of numbers of possible structures, take the example
of Co6Hé6. The most familiar molecule with this molecular
formula is benzene. Yet there are 217 topolegical isomers
for C6H6 (with valence constraints) of which only 15 are
pure trees. The simple addition of one oxygem atom to the
empirical formula of benzene, yielding C6H60, yields 2237
isomers of the most familiar representative, phenol.

The first exercise of the generator has been to create a
dictionary of carbocyclic skeletons. This time~consuming
task would otherwise have to be done each time a new
molecular foraula is presented. The dictionary is
structured to contain keys as to type of skeleton, number of
rings, ring fusion, and so forth. The constraints which we
vish to implement are then simple to exercise in the coatext
of the dictionary.

C) Analysis Using Additional Data Sources

Several additional techniques are available to the mass
spectroscopist other than recording the conventiopal mass
spectrum. They provide complementary data which freguently
are of great assistance in rationalization of the
conventional spectrum, either in terms of structure or
fragmentation mechanisas. We have designed the Heuristic
DENDRAL program for complex molecules to use data from these
additional techniques in much the same way as a cheaist
does. The following three types of of data can now be used:

I) Metastable Ion (MI) Data. Metastable ions provide a
means for relating fragment ions to molecular ions in a mass
spectrun. This is iaportant in two contexts. In
examination of the spectrum of a known coapound, the
existence of a metastable ion provides strong evidence that
a given fragment ion arises at least in part im a single
decomposition process from an ion of higher mass (not
necessarily the molecular ion). Investigations of this type
are necessary to validate the fragmentation rules which
guide the Heuristic DENDRAL program. (e.g., investigatians
of metastable ions of estrogens, Smith, Duffield and
Djerassi, 1972).

The second context use is the analysis of mixtures of
compounds to determine which fragment ioms in a very complex
spectrur are descended from which molecular parents. We
have explored the analysis time and specificity of results
as a function of the amount of metastable iomn data available
on a mixture. A 10 to 100-fold reduction in coaputer tine
is observed to arrive at single, correct solutions for
various mixture components (rather than 5-20 possible
solutions limited by the conventional mass spectrum alone).
These results are reported in detail in the description on
analysis of the estrogen mixtures (Saith, et.al., 1973

/S-1C



(submitted)).

Metastable ions are those which are formed by fragamentation
processes occurring during the flight of an ion after
formation and acceleration. These fragmentation processes
may occur at any point along the flight path of ioas through
the mass spectrometer. Because of the complex behavior of
metastable ions formed in magnetic or electric fields, they
are usually studied in field-free regions. A conventional
double focussing mass spectrometer possesses two field-free
regions where metastable ions may be studied. One region
lies between the electric sector and the magnetic sector.
This region can be used to study so-called *"normal"
metastable ions, 1l1.e., those nmetastable ions which are
observed superimposed on the peaks in the conventional mass
spectrur and which follow the relationship: observed mass
of metastable ion = (mass of daughter) **¥2 /(mass qQf parent).
The other field-free region lies between the ion source and
the electric sector. Metastable ions foreed in this region
can be examined by de-tuning one analyzer of the instrument
(defocussing). This procedure allows establishment of
specific relatioaships between ions involved in a metastable
decomposition so that the parent ion.and its decomposition
product, can both be identified. This technique has led to
much more useful information for the Heuristic DENDRAL
program, as illustrated earlier in this sectiaon.

II) Low Ionizing Voltage (LV) Data. The key to successful
operation of the Heuristic DENDRAL program 1is correct
inference of the molecular ion(s) and molecalar formula(e)
in a given mass spectrur. In the past, metastable ion data
vere used to assist the program in correct identification of
molecular 1ions. This procedure has now been supplenmented,
making the program cognizant of LV data. At lower ionizing
volatges, nolecular ions are formed with lesser amounts of
excess internal energy. Most classes of molecules (those
that display significant molecular ions) can be analyzed at
a sufficiently low ionizing voltage such that only molecular
ions are observed, as the internal emnergy is not sufficient
to allow fragmentation. This technique was used extensively
in the analysis of estrogen mixtures and the resulting data
sieplify the program's task of deteramining molecular ions.

III) 1Isotopic Labeling. We have previously described how
isotopic labeling of labile hydrogens with deuterius aids
analysis. For example, the last phase of the analysis of
spectra of complex wmolecules involves several "chemical"
checks on the validity of proposed structures. The
knowledge of the number of hydroxyl groups cam be a powerful
filter to rTeject certain candidate structures (Saith,
et.al., 1972).

There are many qQther kinds of data available to chenists
engaged in structure elucidation. The details of cheaical
isolation and derivitization procedures may require that
only certain types of functional dgroups are plausible.
Spectroscopic data from other techniques (e.g., protomn or
C13 NMR, IR, UV) may be available for a particular unknown.
We have designed the Heuristic DENDRAL program for complex
molecules with these additional data in =sind. Specific
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plans for implementation of these data as coastraiats on
Heuristic DENDRAL are described in the Plans section belovw.
Certain chemical information, for example, the Kknowledge
that aromatic hydroxy functionalities have been methylated,

can already be included as a constraint.

D) Extension of the Predictor Progranms

The function of the Predictor in Heuristic DENDRAL has been
to evaluate candidate solutions (structures) by prediction
of their mass spectra, based on empirical fragmentation
rules, and comparison of predicted versus observed spectrae.
This has been extended to high resolution mass spectra of
complex molecules. Performance has been tested on
estpogenic steroids and steroidal sapogenins.

There are other aspects of prediction of behavior that ve
have incorporated and plan to incorporate in the Predictor.
We <can now predict a minimua series of aetastable
defocussing experiments necessary to differentiate among
candidate structures resulting frop analysis of a amass
spectrum. Other efforts are discussed in the Plans section,
below. This approach amounts to design of optimum
experimental strategies to effect a solution or @minimize
ambiguities.

Wwe have begun to explore ways in which to predict the aass
spectral behavior of molecules without the need to resort to
the classical method of determining many mass spectra
followed by empirical generalization. Dr. Gilda Loew has
been investigating extended Huckel molecular orbital theory
in an attempt at gualitative prediction of bond strength
Initial efforts on estrone will shortly appear describing
these results (G. Loew, et.al., 1973). Briefly, calculated
net atomic charges appear to have 1little bearing on
subsequent fragmentation of the wmolecule. Bond densities
(which are related to bond strengths), however, provide some
indication of which bonds are likely to undergo scission in
the ftirst step of a fragaentation process.

PLANS:

As in the previous section, research plans are keyed to the
objectives A-D.

A) Extension of Heuristic DENDRAL

I) We will continue use of the present prograa in
collaborative studies with Prof. Adlercreutz concerning
estrogenic steroids froam, e.g., pregnancy urines. Wwork to
date has inspired a synthetic program at Stanford Uaniversty
to verify conclusions of the program with regard to new
estrogen metabolites, The planning program will be used
extensively in analysis of the synthetic products also. As
the capability for analysis of the mass spctra of other
classes of sterolids is developed, ve hope to extend this
collaboration.

II) wWe feel we have achieved a high level of coapound-class
independence in our present program. As more classes are
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analyzed we expect that further %“cleanup" may be necessary,
but easy to carry out.

III) We are presently accumulating a large number of high
resolution mass spectra of pregnanes and androstanes. For
example, the first step away from estrogen analysis was
initially going to be to the analysis of pregnanes, another
.biologically important class of steroids. A review of the
mass spectrometry literature, however, revealed a paucity of
information on the mass spectral fragmentation behavior of
these molecules. Without fragmentation rules we cannot
proceed with spectral analysis. We have, therefore,
collected the high resolution mass spectra of apfproximately
50 pregnane related coapounds. The data interpretation
program (see Part C of the proposal) will be used
extensively to help elucidate the fragmentation mechanisnms
involved. This study has already achieved the result of
claritying, through the use of high resolution data, the
interpretation of mass spectra of the small number of
pregnanes reported in the literature which were recorded
only under low resolution conditions. Peaks have been fouand
which have elemental coapositions different froam those
assigned by past studies. We will investigate the
performance of the program in analysis of mass spectra of
urine components (see Part B of the proposal), specifically
amino acid and aromatic acid derivatives. :

IV) The plaunning program itself is extremely useful in
helping build a more powerful analytical program. As new
compound classes are considered the planner will be used to
validate fragmentation rules developed for the class, in
conjunction with the data interpretation program (see Part C
of the proposal). This inspires confidence for use of the
ptogram in analysis of the spectra of related, but upknown,
compounds.

V) As development of a production version of the cyclic
structure generator is continued, will incorporate it into
the planner. This will yield a program which more «closely
emulates the method originally developed for SAN compounds.

¥il) Efforts in analysis of mass spectra have to this point
been relatively restricted in teras of the types of
structures which may be considered. As our knowledge base
and the scope of the program increase it is necessary to
consider generali planning rules. These rules are used in
initial examination of a smass spectrum to determine which
compound class wmight be represented so that subseguent
analysis wutilizes rules for that class. One approach vas
used successfully in the past analysis of saturated
aliphatic monofunctional (SAN) coapounds. For more general
utility, however, other approaches must be considered. The
following areas will be investigated:

a) How best to exploit a version of 1library matching
procedures to ease the computational burden on DENDRAL when
dealing with routine analyses of aixtures of compounds that
have previously been at least partially characterized. 1In
this way attention can be focused on those previously
uncharacterized components. This aids planning in that
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effective library matching procedures frequently provide
hiats as to molecular structure even when the correct
spectrum is absent from the library.

b) Utilize ion series spectra (Saith, 1972), an extemnsion of
the planning procedure for SAM compounds, in conjunction
with the specific information embodied in a high resolution
mass spectrum, which yields not only formulae but the
implicit number of rings plus double bonds; both iteas serve
as powerful limitations on compound class.

B) Cyclic Structure Generator

The present cyclic structure generator was designed to
operate without constraints initially, as it must be capable
of exhaustive generation of isomer. The next step in its
development will be to implement coastraints on the
generator so that greater flexibility is possible. For
example, in many cases the chemistry of a situation dictates
that certain structural types may be present, or that others
must be absent. The generator will use this informatioan as
constraints. We have planned a set of coanstraints which are
useful to the chemist, for example, numbers of rings as
opposed to double bonds, ring sizes, ring fusions, and so
forth, and have begun developing ways to incorporate these
constraints without compromising the requirements for
thoroughness and non-redundancy.

We feel that the cyclic structure generator has the
potential of acting as the focal point for an interactive
laboratory analytical tool in addition to being a poverful
addition to the existing Heuristic DENDRAL programe.
Constrained by inferences obtained from data (such as M5,
IR, etc.) and from <chemical treatments, such a gemerator
would, under control by the chemist, be a powerful proposer
of an exhaustive set of candidate solutions based on
available data. We will develop this concept further as we
improve both our capabilities for inference from scientific
data and our techniques for using the generatoar.

Cne of the more promising spectroscopic techniques which we
will exploit is C-13 NMR (see Part D of the proposal). The
amount of structure specific information available is
extensive, and ser ves in many cases to complement
information available from mass spctra. Although saample
requirements for the technique are prohibitively high for
many applications, there is 1little question that this
situation will improve with time. The capabilities of the
structure gJenerator as an interactive tool, or within the
framework of existing Heuristic DENDRAL, will be enhanced if
additional structural information can be incorporated.

C) Analysis Using Additional Data Sources

Plans under this section, i.e., extending the ability of
Heuristic DENDRAL to cope with additional kinds of
information, are intimately integrated with the plans for
the preceeding sections. When the cyclic generator is
coupled with the planning program, much of this information
constrains the generator to include (or exclude) sonme



particular substructure or functionality. We can readily
deal with ancillary mass spectral data, but significant work
remains on the most efficient ways (or at what point in the
analysis) best to utilize, e.g., metastable ion data. ¥We
vill also explore the performance of the planner when
information such as C13 NMR data are available in addition
to mass spectral data (see Part D of this proposal).

D) Extension of the Predictor Prograas

Continuing developaent of the Predictor itself aay prove to
be an extremely interesting artificial intelligence
application to chemistry. The problem facing the Predictor
is the same problem faced by the chemist when availahbhle data
do not yield a solution, or yield many ambiguous solutions.
What additional data are needed to reach a solution? The
Predictor must be gsade cognizant of possible measuresent
technijyues (e.g., metastable ion data and their meaniag) and
which of the techniques are required. Design of an
experimental strategqy tor further investigation of a
structure problem represents a crucial link between
Heuristic DENDRAL and the chemist dealing with the problean.
It has important implications for more closed-loop control
of instrumentation as the requisite data could as well coase
directly from the instrument as froam the chemist by wmanual
technigues. Thus a mechanisa would exist for exploring the
possibilities of "intelligent" instrument control (see Part
B of the proposal). Such “control" could be exercised in a
manual mode where sample gquantities permit. Given the
output of desired information from the Predictor, the
chemist can then gather the information.

The other aspect of the Predictor, mentioned under Progress,
above, is the paossibility of using computational techniques
to study fragmentation probabilities using, for example,
molecular orbital theory rather than tiae consuming
expirical studies. The ability to predict features of mass
spectra given only a molecular structure would be an
important advance both within the context of Heuristic
DENDRAL and for mass spectroaetry and theoretical chemistry
as a whole.
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PART B(1)

MASS SPECTROMETER DATA SYSTEM DEVELOPMENT
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PART B- (i) 04ASS SPECTROMETER DATA SYSTEM DEVELOPMENT

OBJECTIVES:

The large volume of data which must be reduced and
interpreted from each GC/MS5 analysis of a body fluid sampl=a
together with the increasing nusber of samples which must be
processea to be responsive to -linical needs, point to more and
more highly automated and reliarle GC/MS systems. This portion of
the proposal addresses the problems of developingy and applying
such automated systems from several points of view. First, we
propose to itnvestigyate the intogration of sophisticated couwputer
analysis programs into data reduction, data interpretation, and
instrument management functions in order to proygyressively relieve
the chewist trom manually performing these tasks. Second, we will
maintain the daily operation of our GU/MS systems for the
on-going investigation of clinical applications and the
dcquisition of data necessary for the development of automated
interpretation programs.

Cunr overall ohectives for automating CC/d5 systems coaprise
1 nuaker of specific subyoals including a) implementing hijhly
automated and reliable systems for the acquisition and reduction
of low resolution, high resoluation, and metustable mass spactral
‘data; b) implementing a data systed to support combined jas
chromiatographys/high resolution mass spectrometry; c¢) automating
the location and identitfication oL constituents ot body fluia
extracts from gas chromatogjram and mass spectrum information fot
the routine dapplication of these techniques to clinical problewms;
and d) investigating the intelligent closed loop control ot mass
spectrometer systems in urder to optimize the data acquired
relative to the task ot uata 1nterpretation.

PROGRESS:

Durinj the two years of support by thls grant we have made
progress toward each ot the subgoals outlined above. Specific
accorplishments and problems we have encountered are sumrmarized
below.

4) MALS SPECTROMETER DATA SYSI'EM AUTOMATION

Funded by this grant, we have acyuired a Varian-oAT /1Y haigh
resolution mass spectrometer, rhis instrument was formally
accepted onr dovember 5, 1971, The instrument has been used
routinely in all of ity operating modes including low resolution
(approximately 1,000), high resolution (approximately 10,050),
ultra-high resolution {approximately 80,000) peak matching, low
ionizing voltaye, metastable d=focussing, and «C/MS operation
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both at low and high resolution. 1t has assumed the entire buraen
of high resolution work for the DwNDRAL project. A number ot
problems have arisen involving aspects of instrument alignment
and opcration and the mechanical, vacuum and, electronic systews.
support trom Varian fot reuulving these problems has jotten
progressively less responsive 50 that we have taken on rost of
the buirden ot mainteanance locally.

Concentrating initially on the MAT-711 spectrometer, we have
nade significant progress toward a reliable, automatcad data
acquisition and reduction system for scanned low and high
rasolution ayectra. This systes is largyely failsafe and requires
no operator support or intervention i1in the calculation
procedures. Output and warnings to the operator are provided or a
CRT adjacent to the mass spectrometer. The system contalns mahy
interactive features which permit the operator to cxasine
selected fratures of the data 1t nis leisare. The feedback
currently provided to the operator to assist in instrument scet-up
and operation can just aus well be routed to hardware control
elements for these functions thereby allowiny computer
maintenance of optimum instrumant performance,

Proyress in thls area 15 an integration ot our efforts in
hardware and software lmprovements:

HAKDWARE - The basic system consists ot the mass
spectrometer interfaced to a PDP-11/20 computer for data
acijuisition, pre-filtering, and time buffering into the ACHE
time-shared 360/50. The more complex aspects of data reduction
are done in the 360/%0 since the PDPP-11 has limited memory and
arithmetic capabilities. New interfaces for mdass spectrometer
operation and control have been developed. The intertaces can
handle (through an analoy multiplexer) severdal analoyg inputs and
outputs which require that the PDP-11 computer be relatively near
the mass spectrometer. we now have the capabllity for the
following kinds of operation through the new interfaces,

1) Computer selection of digitization rate

ii) Corputer selection of datu path (interrupt mode or direct
mewoty access (LuA)

1il) Direct memory access for faster operation i1n the data
acquisition mode.

iv) Computer selection of analog input and output channel:,

V) 5enu1ng of soeveral aralog channels through a multiplexer
(¢e3e, Lon sigunal, total ion current).

vi) tagnet scan control. This control can be exercised
manually or set by tue computer. It controls both time ot
scan and flyback time. Coupled with seloection ot scan rate,
any doesired mass 1danje caun be scanned at any desirad scan
rate,

£y



-3-

vii) The computer can monitor the mass spectroma2ter®s sas:s
marker output as additional information which will bhe used to
effect zalibration.

Another development has biren a siynal conditioncer for tac
ion sijgnal which incorporates 1 box-type integrator to sum the
ion siJnal between A/L couvertar readings. Thig modification
makes successive intensity readings independent of each other
because the Lntegrator is reset after each reading. It also
provices for low pass filtering the ion current signal with a
bandwidth automatically adjusted correctly for different sawmpling
rates and hence lessens intensity measurement uncertairties
caused by external noisecs.

SOFIWARZ - Automatic instrument calibration and data
reduction programs have wveen developed to a hiyh deyree ot
sophistication. We can now accurately model the cehdavior ot the
MAT-711 mass spectrometer over a variety of scan rates and
resolving rowers. Uur instrument diaguostic routines are deponded
upon by the spectrometer operator to indicate successtul
operation or to help point to instrument malfunctions or s:t-up
2rrors. Some features of these projrams are described below.

1) vata Acquisition. Programs have beun written which perwit
acquisition of peak profile data at hijh data rates using the
PDP-11 as an interwediate data filter and bufter store between
the mass spectrometer and ACNE. This allows data acquisition to
proceed even under the time constraints ot the time-sharing
3ys5tem. Stordge of peak profiless rather than all data collected
has greatly reduced the wtorays requirements of the program and
saves time as the background data (below threshold) are remaoved
in real-timre. An automatic thresholding program is in operation
which statistically evaluates background noise and thresholds
subsequent data accordingly. Amplifier drift can thus be
compensated, We have developed some theoretical wmodels of the
data acquisition process which suygest that high data acquisition
rates are not necessary to maintain the inteqgrity ot the data.
Nemonstration of this fact with actual data has helped relieve
the Lurden of high data rates on the computer systeu, '
particularly as imposed by GC/MS5 operation, and permits more data
teduction to be accomplished 1n real-time or alternatively
reduce:; the required data acquisition computer capacity.

ii) Instrument Evaluation. A high resolution mass
sp2ctrometer operating in a dynamic scanninyg mode is a complex
instrument and many thicgs can go wrong which are difficult for
the operator to detect in real-time. In order for the computer to
1ssist in maintaining data quality, it must have a model or
spectrometer operation on the basis of which data quality can be
assessed and processing suitably adapted as well as instrument
performance optimized. We have developed a program which monitors
the state 2f the mass spectrowster. This preliminary program
checks the following 1tems:



1) vata acquisition parameters such as can range and time
constants, backjyround threshold, a dynamic peak model to
determine resolution and threshold acceptance levels for peak
width and intensity, the number of peaks collected, and data
stordagye utilization statistics.,

2) tCalibration of the mass/time relation to be used as a wodel
tfor subsequent spectra, output of the mass range over which
the scale is calibrated, calibration peaks missed, if any, aund
@ grtaph 2t oxtrapolation orroi vVersus mass. Any irregularities
in this output joint to scanr problems,

3y rthe dynamic resolution versugs mass 1o determined and outpat
A5 4 graph. This allows the operator to adjust to rore
constant resolution aver the mass Cange,

i11) tLata Reduction., & proyram has beorn written shich allows
tutomatic trduction of hign tosolution data based on the resaults
of the prior instrument ovaluatrion data., Conversion ot peak
positions in time to the corresponding mass values is effected by
mapping earh spectium 1nto the calibration model developed
previously. Jihe interjolation alyorithm between reference
calibrations points incorporates a4 quadratically varyving
axponential time constant to account for the second order
characrer of a magnet discharging through a resistance and a
capacitance as well as an oftset at infinite time to account fol
residual magnetization atfecting accuracy at low masses.

Perfluorokerosene (PrK) p2aks, introduced into high
resolution mass spectta tor internal mass calibration, are
distinqguished from unknown poeaks by a pattern recognition
alyjorithis which compares the reslationships between sequences ot
reference peaks in the calibration run with the set of possible
correspondiny sequences in the sawmple run. The candidate sequence
is selected which best approximates calibrated performance within
constraints of internally consistent scan wodel variations. Lhis
approach minimizes the neod for selection criteria such as
greatest nejative mass defect for reference peaks, tihe validity
of which cannot be yuaranteed. Excellent performance results fron
using sequences containing 10 reference peaks.

Unresalved peaks are separated by 4 new analytical
aAlyorithm, the operation of which 1s based on a calculated model
peak derived from known singlet peaks rather than the assumption
of a4 particnlar pararetric shape (e.g., triangular, Gaussian,
etc.) This algorithm provides an effective increase in systean
resolution by a factor ot three thereby effectively iucreasiung
system sensitivity. 8y measuring and comparin.g successive moments
of the sarple and wodel peaks, a series of hypotheses are tested
to establish the multiplicity of the peak, minimizing computing
requirements for the usually encountered siwmple peaks. Analytic
expressions for the amplitudes and positions of component peaks
have heen nerived in the doublet case in terms of the first tout
moments of tue peak complex. This eliminates time consuming
iteration procedures for this irportant multiplet case. [teratioun
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is still reguired tor more complex multiplets.

Elemental compositions ar2 calculated from high resolation
rass values with a new, efficient table look-up algorithm
developed by Lederberq (ref. 1) and appended herewith.

Future work will extend these ideas to a system for the
acquisition of selected metastable inforemation as well as to
include the gquadrupole system used in the routine low resolution
clinical work.
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we have recently verified the feasibility of comtined yas
chromatography/ high resolution mass spectrometry (GC/HRMS).
Using the programs doscraibed above we can acqulire selected scanw
and reduce them automatically, although the procedures are slow
compared to “rcal-time" due to the limitations of the time-snared
ACME facility. We have recorded sufficient spectra ot stardard
compounds to show that the system is performing well. A typical
experimert which illustrates some of the parameters involved was
the following. A amixture (approximately 1 microgram/ component)
of methyl palmitate and methyl stearate was analyzed by GC unde:
conditions such that the GC peiks were well separated and of
approximately 25 sec. duration. The mass spectrometer was scannaed
at a rate of 10.5 secy/decade, and a resolving power of 5000. The
resulting mass spectra displayed peaks over a dynasic range of
100 to | and were automatically reduced to masses and elemental
compositions without diftriculty. sass mwmeasurement accuracy
appears to be 10 ppm over this dynamic range. A more definitive
study of mass measurement accuracy will be carried out shortly to
daccurdtely deteramine the pertormance of the systenm.

We have begun to excrcise the GC/HRMS system on urine
fractions containing significant components whose structures have
not been elucidated on the basis of low resolution spectra alon.,
Whereas mote work 1s required to establish system performaunce
capabilities, two things have become clear: 1) GC/HRMS will Lte a
useful analytical adjunct to our low resolution GC/is clinical
studies to assist 1n the identification of signiticant corponents
whose structures are not elucidated on the basis of laow
resolution spectra alone, and 2) the sensitivity of the present
system limits analysis to relatively intense GC peaks. This
sensitivity limitation is inherent in scanningj instruments where
one yives up a factor ot 20-50 in sensitivity over photographic
image plane systems in return for on-lire data read-out. This
limitation may be relieved by using television read-ouut systems
Ln conjunction with extended channeltron detector arrays as has
been proposed by researchers at the Jet Propulsion Laboratory.
I'he development of such a sensor system is beyond the current
scope of our effort, We can nevertheless make progress in
applying GC/HRMS techniques to accessible effluent peaks and can
adapt the improved sensor capability when available.
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kecent experirents in operation of the mass spectroseter in
conjunction with the gas chromatograph have also shown that the
present ACHE computer facility cannot provide the rapid service
tequired to acquire repetitive scans at either high or low
resolving powers. we can, however, dcqulre scans on a periodic
basis, meaning most GC peaks in a4 run can be scanned once at high
resolving power, We are presently implementingy a disk on the
PDP-11 to act as a termpotraty data buffer betweoen the mass
spectrometer and ACME. This Jdisk will allow acquisition of
repetitive scans, while data reduction must be deferred to
completion ot the GC run. A norte detailed discussion ol couputing
problems and plans 15 given under “FUTURE PLANS"™.

C) AUTONATED GC/M4 DAYTA REDUCTION

The application of GC/MS techniques to clinical problems au
described in Part B(ii) of this proposal has made clear the neecd
for automating the analysis of the results of a GC/uS experiwment,
Previous paragraphs dealt with the problems of reduciny raw data
in preparation for analysis. At this point the data must be
analyzed with a minimus of human interaction in terms of locatiug
and identitying specific constituents of the GC effluent. Vhe
problem of identificatiorn is addressed by the library search and
DENDRAL wass spectrum interpretation programs discussed in Part A
of this proposal. The problem 5f locating effluent cowponents in
the GC/MS output involves extracting from the approximately 700
spa2ctra collected during a GC run, the 50 or so representingy
componcnts of the body fluid sample., The raw spectra dare i1n part
contaminatsd with background “column bleed"™ and in part
composited with adjacent constituent spectra unresolvad by the
uC.

e have bequn to develop a solution to this prorvlem with
very prosising results. sy using a unique disk oriented matrix
transposition algorithme developed for image processinyg
applications, we can rotate thz entire array of 700 spectra bLy
500 mass samples per spectrum to gain convenient access to the
*"mass chromatogram® form of tha data. This form of the data,
displayed at a few selected mass values, has been used at
stanford, &IT, and elsewhere for some time to evaluate the GC
effluent profile as seen from these masses. Ma3s chromatoygrapms
have the important property of displaying much higher resolutiou
in localizing GC effluent constituents. Thus by transposing the
raw data to the mass chromatogram domain we can systematically
analyze these data for baselinas, peak positions, and amplitudes,
and thus derive idealized mass spectra for the constituent
materials free from backyround cortamination and influences of
adjacent GC peaks unresolved in the overall gas chromdatogram.
lhese spectra can then be analyzed by library search techniques
or first priuciples as necessary.

The results of this work zan also lead to reliable
prescreeningy analysis of GT traces alone by having available a
detailed list of GC effluent positions and expected amplitudes
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tor say a urine fraction. By dynamically determininy peak shdpe
parareters for detected GC singlet peaks, interpretation of morc
complex peaks can be made to dsatermine if unexpected constituents
or abnormal amounts ot expected counstituents are presecnt.

d) CLGSED~-LOOP INOLTHUNENT CONTROL

In the long term, it woull be possible for the data
interpretation software to direct the acquisition of data in
order to resmove ambiguities from interpretation procedures and to
optimize system efticiency. Th2 achievement of this joal 15 a
long way otf but we feel the above developments and those
described in Parts A and C represent important preliminary steps
toward closed-loop control.

The task of collection of ditferent types of mass spectral
intorrmation(e.qg., high resolution spectra, low ionizinj voltage
spectra and selected metastable information) under closed loop
control asuring a GC/MS experiment is extremely diftficult and may
not be realizable with current technoloyy. We are studyiny tuis
problem in a manner which will allow the system to be used for
important rescedarch problems (e.y., routine analysis of urine
fractions without ftully closed loop control) while aspects ot
instrurent control strategy ar=s developed 1n an incremental
tashion.

The essence ot this approach is to develop a multi {two or
three)-pass system which permits collection of one type of data
(e.g9., high resolution mass spectra) during the first GC/h>
analysis. Processing of these data by DENDRAL will reveal what
additional data are recessary on specific GC peaks during a
subsequent GC/MS run to effect a solution or structure or at
least to reduce the number of candidate structures. This
simulated closed-loop procedure will demonstrate the ability of
DENCRAL type progjgrams to examine data, determine solutions and
propose adiditional strategies, but will not have the requirement
of operating in real-time, althouyh some parameters in the
acgquisition of metastable data will require change between
consecutive GC peaks.

Stucies such as these will identify in some detail tho
feasibility and necessity of closed-loop automation das well as
the portions of the procedure which must be improved to meat the
time constraints imposed by limited sample quantities and GC/M5
operation. We have already identitied the problem of the rate at
which resolution can be changel and have deterained a potential
solution., Additional problems under study are those of instrument
sensitivity and strategices for metastable ion measurement,

PLANS
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our future plans represcnt extensions of the on-goingjy work
described above under "PROGRESS" as well as the continued routine
maintenance of the GC/MS systems. Specifics are breifly
summarized below. A significant impact will occur with the
termination of NIH support of the ACME coumputing facility irn July
1973. we now perform most of our data reduction processing on the
ACME 300/5G without budgeted cost as part of the core research
effort. The tollow-on facility to ACME will be an upsubsidized,
fee-for-service facility mounted on a 370/15& computer along with
other Stanford Hospital gdministrative computiny functions.

We have examined two alternative computing confiyjurations Lo
meet this transition: a) a PLP-11,45 local computer system and L)
hooking up to the tee-tor-service ACME follow-on machine. The
trade-offs are basically as follows. The ACHME follow-on option
requires an expansion of the existing PDP-11/20 computer memory
and a new interface to daccommodate the new [lanred small machine
interface to the 370/158. The near term costs of this approach
including estimated 370/158 machine usage costs are approximately
equal to the capital outlay of the PDP-11/45 amortized over I-Z
years. These 370/158 usage costs continue on a year to year basis
indefinitely whereas the PDP-11,/45 costs decrease to maintenance
and supply levels after purchase. The ACME follow-on option
requires 4 minimum of reprogrdamming since the PL-ACAME languaye
will be maintained. The PLP-11/45 option will require signiticant
reprogramsing to convert from PL-ACME to FORTRAn and Assenmnly
Languaye. Once the reproyramming has been accomplished, the
PDP-11,/45 ofters advantages of real time availability and
responsiveness,

Thus the differcences betwezen these approaches revolve around
short term costs versus long term flexibility. In order to
minimize the impact to on-going efforts we have based this plan
on the use of the ACME follow-on 370/158. Our budget estimate
incorporates the preliminary expected costs for this type of
operation. The rate structure for this facility is still being
evolvea however, arnd adjustments may have to be made,

a) MASS SPECTROMETER DATA SYSTEA AUTOMATION

Future efforts will include the tramsition of the existing
ACME-based system to the new ACHCZ follow-on configuration. We
will adapt the concepts developed already for use in the Finnigan
low resolution GC/FS system being used for routine urine
analysis. We will develop data system extensions for the EAT-711
syster which allow semi-automated acquisition and reduction of
metastable information to support fragmentation pathway studies,
Heuristic DENDRAL program devclopment, and closed-loop
simulation. This metastable system will incorporate calibration
procedures and automated peak detection and resolution procedur::s
based on the high resolution system. The existing hardware
interface will be used to control source or electrostatic
analyzer voltages in conjunction with the magnet scan to Bm2asure
specific parent-daughter ion relationships.

D
~
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b) GAL CAHROWATOGRAPEHY/HIGH RESOLUTION MASS SPECTROMLTRY

W2 will complete the intermediate disk bufter in conjunction
with the ACME follow-on system transition to allow routine
collection and filing of sequential spectra. We will exercize the
syster on body fluid sawmples in support of our clinical
applications and the development of interpretation proujrams. As
developments occur which improve sensitivity, we will incorporate
these to extend the power of the system.

C) AUTONMATED GC/MH DATA REDUCI 10w

The approach described above is still in the formative
stage. We will complete the development and implementation of
these ideas, test them in the clinical application domain ana
produce an automated system suitable for routine use by the
biochemist.

d) CLUSED-LOOP INSTRUMENT CONTHOL

With the development of a4 more automated method for
acquiring metastable informatison under subtask ({a) plans, we will
develo}p and exercise the strategy planninyg aspects of the
Heuristic DENDRAL programs in connection with managing a urine
analysis GC/8S run. This will be a simulation of closed-loop
operation intended to demonstrate the feasikbkility and need for un
actual implementation of these ideas. In support of these
closed-loop simulations we will investigate the feasibility ot
instrument mode switchiny and simple control function such as ion
source and electrostatic analyzer potentials and mayghet scan,
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Tho caleulation of molecular composi-
tions consistent with a given range of mass values arises
particularly in mass spectrometry. Although this
'an be a trivial exereise on the computer, it has been
vexing to do by hand. TPublished tables, c.g., Beynon
and Williams,! arc bulky, and nevertheless cover a
limited range of atom values. The values are also
awkward to search, not having been sorted.

The following approach was designed for a desk
calculator that ought to be available to any student.
As it involves only a few additions and subtractions, it
can—horribilis dictu—even be done by hand. Further-
more, it lends itself to real time implementation on
small computers that lack high precision ‘“divide” in-
structions in their hardware.

The basis of the calculation is the table, which is an
ordercd list of the mass numbers of the formulas for H
from 0 to 10, N from 0 to 5, and O from 0 to 11. It
contains only those compositions whose masses arc an
integral multiple of 12.  Any number of C’s may then
be added as required.

The use of the table is best explained by a specific
example, say m = 259.09 + 0.001.

Step 1. Since 259 = 7 modulo 12, 5 H’s (3.03913) will be bor-
rowed to give m’ = m + 5H = 264.120. This is then divided
into m’ = my; 4+ my; m; = 264 (SQLX 12); my = 0.129 +
0.001.

Step 2. The table is searched for entries that correspond to m,
and whose mass does not exceed m;. (m; is expressed as m;/12 =
C-equivalent.) We find none in this eycle.

Step 3. We therefore remove 12 H's (12.0939) to give m” =
m’ — 12H = 252.035 & 0.001. The table now has entries at
0.034 (I{5N408)7 0.035 (H]gNOg) and 0.036 (HstOs). These will
be completed in Step 4. 12 H’s are again removed until m; falls
below — 0.0498, the bottom of the table. In our example, this
occurs at, the next cycle.

Rapid Calcvlation of Molecular
Formulas from Mass Values

Step 4. The table entries are now campleted as follows

Add
C's Check mass
10 Adjust (compare
make  borrowed 259.0900 +
up m” H's 0.0010)
34 0.034216 HsN«Ox mi = Cie Cs Cs15N4Ox 254 . 089
35 0.035559 HiuNOys mi = Cu Cq CatlaNOy 259090
36 0.036895 UeN30s mi = Cius Cs CsH1aNsOs 259.092

Step 5. Various criteria of chemical plausibility can be used to
filter the list. Since the valence rules allow H’s to a maximum of
2 + 2C + N, none of these compositions is oversaturated.
C;H 5N ,0s however has an odd number of H’s and may therefore
represent a free radieal.

If wider ranges of hetero atoms are contemplated, adjustments
of blocks of 6 N (84.01844) and 12 O (191.9389) can be applied
repetitively in a fashion similar to Step 3 so long as the adjusted
mass allows.

In fact m* = m — 6N — 7TH = 168.017 = 0.001 leads to Ce
HN:Oy, m = 259.090. Further, m — 12N — 7IT = 83.999 =+
0.001. We read this as m; = 84; m; = —0.001 and find two en-
tries in the table: —0.000826 (H¢NOj) and 0.000510 (H2N,Q),
whose m; however >84,

The table is arranged so as to illustrate its use in a
fast computer program. A linear array with 138 cells,
indexed as shown, has entries that never slip more than
one position away from the value of the index. The
composition values can therefore be accessed by direct
lookup, obviating a table scarch. A card deck version
of the table is available on request from the author.

This compilation is a greatly shortened form of some
tables that were published some time ago.?

This work has been supported in part by the Advanced Re-
search Projects Agency (contract SD-183), the National Aero-
nauties and Space Administration (grant NGR-05-020-004), and
the National Institutes of Health (grant GM-00612-01).

L BEYNON, J. H., AND WiLLIaMSs A. E., “Mass and Abundance
Tables for use in Mass Spectrometry,” Elsevier, Amsterdam,
1963.

2 LEDERBERG, J., ‘“Computation of Molecular Formulas for
Mass Spectrometry,” Holden-Day, San Francisco, 1964.

Table of Mass Fractions for all Combinations® of H, N, O (H = 10N < 460 = 11)

e}
Q
[

Index

my X 108 N = Index my X 106 H N (0] =C Index my X 108 H N [0} =
—49 — 49787 0 2 11 17 o (1] 0 0 0 (] 31 31537 10 3 11 9
—45 —45765 0 0 9 12 1 510 2 5 6 14 32 32363 4 2 1 14
—38 — 38554 0] 4 10 18 2 1853 4 2 7 12 34 34216 8 4 8 16
—-37 —37211 2 1 11 16 4 4532 2 3 4 9 35 35559 10 1 9 14
—34 —34532 0 2 8 13 5 5875 4 0 5 7 36 36895 [ 5 5 13
-30 -30510 0 0 ] 8 6 6385 6 5 11 21 38 38238 8 2 6 11
—25 —25978 2 3 10 17 7 7211 0] 4 1 6 40 40917 6 3 3 8
~24 — 24635 4 0 11 15 8 8554 2 1 2 4 41 42260 8 0 4 6
-23 —23299 0 4 7 14 10 10407 4] 3 9 16 42 42770 10 5 10 20
—21 -—21956 2 1 8 12 11 11750 8 0 10 14 43 43596 4 4 0 5
—19 —19277 0 2 5 9 13 13086 4 4 6 13 44 44939 6 1 1 3
—15 - 15255 0 0 3 4 14 14429 6 1 7 11 46 46792 10 3 8 15
- 14 — 14745 2 5 9 16 15 15765 2 5 3 10 49 49471 8 4 5 12
—13 — 13402 4 2 10 18 17 17108 4 2 4 8 50 50814 10 1 6 10
—-10 — 10723 2 3 7 13 18 18961 8 4 11 20 52 52150 6 5 2 9
—9 — 0380 4 0 8 11 19 19787 2 3 1 5 53 53493 8 2 3 7
—8 - 8044 0 4 4 10 20 21130 4 (1} 2 3 56 56172 6 3 0 1
—6 —6701 2 1 5 8 21 21640 [ 5 8 17 57 57515 8 0 1 2
—4 — 4022 0 2 2 5 22 22983 8 2 9 15 58 58025 10 5 7 16
-2 —2169 4 4 9 17 25 25662 6 3 6 12 82 62047 10 3 5 11
-1 —826 6 1 10 15 27 27005 8 o] 7 10 64 64726 8 4 2 8
28 28341 4 4 3 9 66 66069 10 1 3 6
29 29684 6 1 4 7 68 68748 8 2 0 3
30 31020 2 5 0 6 73 73280 10 5 4 12
77 77302 10 3 2 7
81 81324 10 1 0 2
88 88535 10 5 1 8

(~0.049 to —0.0008) (0 to0 0.03) (0.03 to 0.088)

2 Arranged so that the index for each entry agrees with 1000 X my + 1.9.

) . {Reprinted from Journal of Chemical Education, Vol. 49, Page 613, September, 1972.]
Copyright 1972, by Division of Chemical Education, American Chemical Society, and reprinted by permission of the copyright owner

.
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PART b-(Li) ANALYSIS OF 1THE CHEMICAL CONSTITUENTS OF BODY FLGIDS
OBJECTILIVES:

The overall objectives of this part ot the proposal are to
develop the uses of gas chromatography (GC) and mass spectrometry
(4s), under "intelligent®™ computer management, tor the clinical
screening, diagnosis, and study of errors ot metabolism. The
efficacy of these analytical tools has Lkeen demonstrated wheo
applied to limited populations of urine samples in the research
laboratory environment. wWe propose to enlarye the clinical
investigative applications of 53C/u1S technoloyy and to demonstrate
its utility for the diagynosis and screeninj of diseasce states.
specifically we will apply our GC/MS analysis capabilities to
larger and more diversified populations to establish better
defined norms, deviations related to identifiable disease states,
and control parameters required tou remove ambiguities trom
results.

BACKGROUND AND PROGRESS

For some time we have focussed a substantial part ot our
eftort on =xploiting the use of the mass spectrometer as an
analytical instrument tor biochemical purposes. Our central
approach has been to intcygrate the mass spcectrometer with the gas
chromatograph on the one hand ind with "intelliyent" computer
manajement 5nh the other. Gas chromatography is a versatile and
broadly applicable method for the separation of biochemical
specimens into a large number of distinct hut unnamed fractions.
The mass spectrometer has unique power to analyze such fractions
and give information relevant to their molccular structure. ithe
computer becomes indispensable for the overall manayewmont of the
system and for the reduction and interpretation of the larje
volume of data emanating from the analytical instruments. cur
effort in instrumentation, therefore, is an integral part of this
research and comprises a good deal of computational software
embracing both real time instrament and data minagement as woell
as artificial intelligence. Tt also requires considerable effort
in electronic and vacuum technoloyy for the instrumentation
hardware, and a coherent system approach for the overall
integratior of these components. These aspects of the effort are
described in section B{i) of this proposal.

The routine screening of normal and abnorral Lody
retabolites, as well as druygs and theitr mctabolites, 1n human
body fluids (ret 1) is currently the object of several rescarch
programs. various non-specific methods, including thin layer (rof
2, 3), ion exchange (ref 4, 6), liquid (ref 5), and gau
chromatography (ret 7-10), are used prirarily with the goal of
separating a large number of unnpamed constituent materials. wheu
used in conjunction with mass spectrometry, these methods becomo
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specitic and provide a powerful means of positive identification
of metabolites in human body fluids (ref 11-13). Of these
techniques, yas chromatography is the most convenient to
interface to the mass spectrom2ter because the carrier gas can
2asily be rewoved as the analysis proceeds on a continuous tlow.
Based upon the references cited, ds well as our own on-goiny
programs, thoe ability of the GT/ML technigque for the aralysis of
body fluids is well established. we have drawn upon the published
literature in helping to design our experimental protocols.

standard chemical procedures for extracting, derivatizing,
and hydrolyzing urine and plasma are used for the GC/Ms analysis
(ref 13). These procedures permit separation of the followinyg
classes of substances: acids, phenols, amino acids, and
carbohydratas. It is possible to detect free or conjugated
compounds within these classes.

The gas chromatographic analysis of each class of compounds
presents a metabolic protile, Abnormal profiles (containing
cither excessively large peaks from one or more components or
peaks which do not correspond to metabolites usually encountered)
are then assayed by mass spectrometry. The mass spectra recorded
during the elution of each gas chromatographic peak then serve to
1dentify the constituents presa2nt in that peak.

Most madical centers have access to amino acid analyzors ic
order to screen patients for motabolic abnormalities of the
principal amino acids, but unless a special research interest
axists, other errors of metabol iswm cannot easily be studied. At
this institution the GC/tS system provides us the opportunity to
detect a wide variety ot crrors which show accumulation of novel
amino acids, fatty acids, and many other metabolites in urine,
blood, and other biloloyical fluids and tissues.

Urine is known to contain several hundred organic compounds.
The separdtion (gas chromatoyraphy) and hernce identification
(mass spectrometry) of these components would be an extremely
difficult task. To simplify the separation problem the urine is
chemically separated into four tractions as 1llustrated in the
following diagram.
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The experimental procedur2 used for working with a urine
sample is as follows., To an aliquot (2.5 ml.} of a <4 hour urine
sample is added 6N hydrochloric acid until the ph is 1. Two
internal standards, n-tetracosine and Z-amino octanoic acid dare
then added. zther oxtraction isolates the tree acids (fraction a)
which dre then methylated and analyzed by yas chromatojraphy-mass
spectrometry. An aliquot of the aygueous phase (U.5 ml.) is
concentrated to dryness, reacted with n-butanol/hydrochloric acid
ftollovwed by methylcne chloride containing trifluoroacetic
anhydride. This procoedure derivatizes any amino acids (or water
soluble amines) which are then sucjected to GC/M5 ahalysis
{(fraction B) . Another aliquot (U.5 ml) of the agqueous phass can
be derivatized for the detection of carbohydrates (Fraction C).

Concentrated hydrochloric acid (0.15 ml) 1s added to the
urine (1.5 al) after ether extraction and the mixture hydrolyze:
for 4 hours under reflux. kEther extraction separates the
hydrolyzed acid fraction (D) which is then amethylated ‘and
analyzed by GC/MS. A portion of the aqueous phase (0.5 ml) fros
khydrolysis ot the urine 1s concentrated to dryness and
derivatized and analyzed for amino acids {Fraction E).

As an example of the application of these methods to
hiomedical problems, we can usa some recent studies we have
undertaken on the urine of a patient sufferiny from acute
lymphoblastic leukemia. The gas caromatographic profile (kigure
1) ot the amino acid fraction 2f his urine showed the presaence of
an abnormal peak (A). The mass spectra (Figure £Z) recorded during
the lifetime of this chromatoygraphic peak identified this



component as beta-amino isobutyric acid from a comparison with «
literature (ref. 19) spectrum of authentic material. Quantitation
showed that this patient was excreting 1.2 grams per day ot
beta-amino isobutyric acid. After medical treatment this
metabolite was no longer detected in the patient's urine thereby
raising the question of whether beta-amino isobutyric acid can e
used as a metabolic signature for the recognition of
lymphoblastic leukemia and for the status of the disease in the
course of the treatment cycle. Beta-amino 1isobutyric acid has
been observed in the urine of 5 patients sutfering frow leukemia
and in all instances it disappeared immediately following urug
therapy. Wo are continuing our study of this relationship 1in view
of the recojnized excretion of elevated awounts ot beta-amino
isobutyric acid as the result of a genetic trait. For instance
Harris et al. (ref. 14) observed daily urinary excretions of
70-300 my of beta-amino isobutyric acid and noted that histories
of high ecxcretion levels tended to exist in patticular families,

A:i a second example of the dapplication of GC/mSb to
biomedical problems we can cite preliminary studies on
approximately 80 urine samples from a total of 11 premature or
"small for gestational age" infants. This project was undertaken
to investigate the phenomenon of late metabolic acidosis. 1his
condition 1s characterised by low blood pH levels, poor weirght
-jain, and, as distinct trom respiratory acidosis, onset after the
second day of life. Its incidence is higher in infants whose
birthweight 1s less thanm 1750g (one study shows 92% incidence for
these children) than in infants with birthweight greater than
17509 (26%).

0t the 11 patients studied we were able to observe & closely
and coutinuously for periods ranging from 6 to 8B weeks from day 3
of life. Three of these infants had birthweights below 10003 anu
the other three were born weighing less than 1500g. Of the 6,
five showed symptoms corresponding to late wmetabolic acidosis and
the other showed normal and even development. The tive intants
showing the acidosis all excreted very larys amounts of
p-hydroxyphenyllactic acid together with smaller amounts ot
p~hydroxyph2nylpyruvic acid and p-hydroxyphenylacetic acid. After
reaching a peak, the presence of these compounds in the urine
jradually diminished and almost completely disappeared at the
time blood pH and weight guin had returned to normal. The infant
who did not show symptoms of acidusis only excreted aminute
amounts of tuese compounds during the period of observation.

The occurrence of large amounts of these compouands in the
urine indicates a temporary defect in phenylalanine-tyrosine
metabolism and dietary factors such as protein and vitamin intake
can ke shown to afftect the incidence and the severity of the
condition. It is hoped that further studies will result in a
clearer picture of relationships petween the condition and diet
and hence lead to a reduction in its occurceace

In tha course of these studies, we have recognized two dareas
where computer analysis of the data is important in order to



handle the volume of data involved and tou standardize the
analyses performed. At present these operations, GC profile
analysis and mass spectrum identification, are largely manual. In
the case of GC profile analysis, approximately 40 peaks for each
profile sust be analyzed in terms of their positions, sizes, etc.
relative to other peaks in the profile and instrument parametoers
to evaluate the presence or absence of abnormalities. For cach
abnormal peak, a nuamber of mass spectra (5 to 10), each
containing ion abundance mcasurements at approximately 50V
masses, must be compared 4against catalogued known materials tor
identification. If the material is not in the catalog, the mass
spectrum must be interpreted from basic principles, using high
resolution spectrometry and other data sources as appropriate.
These are very tedious operatiosons requirinj automation for even
the proposad limited screening volume. The developrental aspects
of these computer-related portions of the research program are
discussed in the other sections of this proposal.

FUTURE PLANS

In the next grant period we plan to extend our efforts in
applying GC/nS teclkniques to clinical problems both in terss of
defining norms and in termps of studying identifiable discase
states in collaboration with clinical investigators.

The most appropriate target material tor this developmental
effort is the metabolic output ot NORMAL subjects under
controlled conditions of diet and other intakes. The eventaal
application of this kind of analytical methodology to the
diagnosis of disease obviously depends on the establishment of
normal baselines, and much experience already tells us how
important the influence of nutrient and medication intake can bLe
ir influencing the composition of urine, body fluids, and breath.

Among the most atttractive subjects for such a baseline
investigation are newborn infants already under close scrutiny in
the Premature Research Center and the Clinical Research Center of
the Department of Pediatrics at this institution. Such patients
are currently, for valid medical reasons, under a deyrwee of
dietary control ditficult to match under any other circumstance.
Many other features of their physiological conaition are b2iug
carefully monitored for other purposes as well. The examination
of their urine and other effluents is therefore accompanied bLy
the most economical context of other information and requires the
least disturicance of these subjects.

Two obvious factors which could profoundly influence the
excretion of metabolites detected by GC/MS are maturity and died.
We have already initiated a program for serial screening ot
urinary metabolite excretion in premature infants of various
Jestational ages and determination of changes in the pattern ot
excretion of various metabolit2s as a tunction of aye following
birth. Thes2 studies are being performed on infants admitted to
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the Center for Premature Infants and the Intensive Care Nursery
at stanford, a source of some 500 premature infants per year. ln
addition, in conjunction with an independent study ou the etfects
of both quality and quantity ot oral protein intake on the
incidence and pathogenesis of late metabolic dacidosis of
prematurity, we plan to wmeasurs2 the urinary excretion patterns of
various metabolites and thereby partially assess the effect ot
diet on this screening method.

We shall use the analyses on blood aund urine specimens troe
normal individuals in the final development of rapid, automated
identification of compounds described by mass spectromoetry. ‘lhe
computer will be used to match an unknown muss spectrum with
reference spectra contained in cosmputer files. Programs ar= also
being developed which will provide the strategyy for the computer
to interpret an unknown wmass spectrum (not contained in the
library) and directly identify the compound ({see Parts A and Q).

Limited libraries exist for urine and plasma GC/M5 analysec
and will require projgressive compilation (assisted bty the UEWDKRAL
interpretation programs) as our clinical sawmpling proceeds. This
will in turn speed the throughput of the system by allowiny the
simple identification ot mauterials by computer library searckhk
procedures. [rhis library will be shared freely with other
investiqgators.

Given osur ability to identify various constituents ot urine
and plasma and to understand normal variation, we shall apply tiue
GC/M5 system to pathology, making use of patients with already
identitied metabolic defects for control purposes. The main
application will, of course, be diagnostic and patients with
suygygestive clinical manitestations, such as psychomotor
retardatior and progressive neurologic disease, as well as
suqggestive pedigrees (e.y. affacted offspriny of comsanguineous
parents or multiplex sibships) will be investigated. Trhese
patients are seen relatively fregquently at any university
hospital, and their presence in the various in-patient and
out-patient services of the stanford Department of pPediatrics is
well documented. The GC/MS system will be helpful in diagnosing
not only errors of amino acid metabolism, but also many other
matabolic disorders, some of which are lactic acidemia (ref (15),
tefsum®s disease (a defect in the oxyyenation of phytanic 4cid
(ref 1)), methylmalonic acidemia (ret 17) and orotic aciduria
(ref 18). w2 also recognize the potential ot this methodology to
define new errors of mctabolism.

Wa will collaborate with Protessor Howard Cann of the
Department of Pediatrics and derive much of the clinically
sigynificant material for analysis from patients in the Premature
Research Center and the Clinical Research uventer of the
Department ot Pediatrics and the stanford University Children's
Hospital. Analyses will te performed on existing GC and Mo
equipment in the Departments of Genetics and Chemistry.
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FIGURE 1

Gas Chromatogram of the Amino Acid Fraction of Urine
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PART C:

EXTENSION OF THE

THEORY OF MASS SPECTROMETRY BY COMPUTER



PART C. Extending the Theory of Mass Spectrometry by a
Camputer (Meta—~DENDRAL)

OBJECTIVES:

The Heuristic DENDRAL performance program described in Part
A 1is an dutomated hypothesis formation prograr which models
"routine", day-to-day work in science. In particular, it
models the inferential procedures of scientists identifying
conponents, such as those found in human body £fluids. The
power of this program clearly lies in its knowledge about
various classes ot compounds normally found in body fluids,
which knowledge allows identification of the compounds.

The Meta-DENDRAL program described imn this part is a
critical adjunct to the performance program because it is
designed to supply the knowledge which the performance
program uses. Theory formation is essential 1in order to
carry out the routine analyses -~ either by hand or by
computer. However, the staggering amount of effort required
to build a working theory (even for a single <class of
compounds) holds back the routine analyses. The goal of the
Meta-DENDRAL program is to form working theories
automatically (from collections of experimental data) and
thus reduce the human effort required at this stage. By
speeding up the time between collecting data for a class of
compound® and understanding the rules underlying the data,
the Meta~DENDRAL program will thus provide an improvement in
the development of diagnostic procedures.

Theory formation in science is both an intriquing problen
for artificial intelligence research and a problem area in
wvhich scientists can benefit greatly from any help the
computer can give. While the ill-structured nature of the
theory formation problem makes it more a research task than
an application, we have already provided coamputer prograss
which are of definite help to the theory- forming scientist.

Mass spectrometry is the task domain for the theory
formation program as it is for the Heuristic DENDRAL
program. It is a npatural <choice for us because we have
developed a 1large number of caomnputer programs for
manipulating molecular structures and mass spectra in the
course ot Heuristic DENDRAL research and because of the
interest in mass spectrometry among collaborative
researchers already associated with the project. This 1is
also a good task area because it is difficult, but not
impossible, for human scientists to develop fraygmentation
rules to explain the mass spectroametric behavior of a class
of molecules. Mass spectrometry has not been coapletely
formalized, and there still remain gaps in the theory.

Understanding theory formation enough to automate
substantial parts of it will benefit all of the biomedical
sciences. More directly, building a computer program which
forms a theory of mass spectrometry will greatly enhance the
pover of mass spectroametry as a diagnostic instrument.

1=4C



Detailed accounts of this research are available in the
DENDRAL Project annual report to the National Institutes of
Health, in several research papers already published and in
manuscripts submpitted for publication.

PROGRESS:

In the period covered by the 1initial NIH grant the
Meta-DENDRAL program has moved trom a set of ideas to a set
ot working computer programs.

The first three segments of Meta~DENDRAL have been
programmed and can be used with new experimental data.
These segments are first summarized and then described 1in
more detail in subsequent sections. We described the
initial design of the Meta-DENDRAL program in a paper
presented to the 2nd International Joint Conference on
Artificial Intelligence (London, August, 1971). And further
design details and partial implementation of programs were
described 1n a paper presented at the Tth Machine
Intelligence Workshop (Machine Intelligence 7, B. Meltzer &
D HMichie, eds., 1972).

Summary ot Segment 1

The data interpretation and summary program (INTSUM) defines
the space of mass spectrometric processes, interprets all
the data in terms ot these processes, and summarizes then
process by process. This program is capable of a much more
thorough analysis of the data than a human can perforn.

Summacy of Segment 2

The rule formation proyram starts with the interpreted and
summarized results of the data. It searches the set of
processes for those that meet the criteria for rules, and
attempts to resolve ambiguities when several processes
explain many of the same data points. The resulting rules
are characteristic processes for the whole class of
molecules.

Summary of Segment 3

The class separation program is an extension of the simple
rule formation program just mentioned. Because the initial
set of molecules may not all behave alike in the mass
spectrometer, it 1is necessary to separate the importaut
subclasses and formulate characteristic rules for each
subclass.

SEGMENT 1. The initial seygment of the theory formation
program is data interpretation. After the experimental data
have been collected for a large number of compounds, the
program re-interprets all the data points in terms of its
internal model of the experimental instrument. This part of
the program has already proved useful to chemists studying
the mass spectrometry of new classes of compounds. It has
been described in a paper recently submitted for publication
{Applications of Artificial 1Intelligence for Chemical



Inference X. INTSUM. A Data Interpretation Program as
Applied to the Collected Mass Spectra of Estrogenic

Steroids, submitted to Tetrahedron).

The computer program for data interpretation and summary has
been well developed. While it 1is never safe to call a
program "finished", this program hdas reached the stage where
we have turned it over to the chemists who want to look at
explanatory mechanismps for the mass spectra of many
compounds. Ordinarily, this 1s such a tedious task that
chemists are forced to limit their analysis to a very few
out of a total space of potentially interesting amechanisuas.
The computer program, on the other hand, systematically
explores the space of possible mechanisms and collects
evidence for each.

This program 1s described in the Machine Intelligence 7
paper, and the results obtained by running it with many
estrogen spectra are discussed in the manuscript submitted
to Tetrahedron. Mr. William <C. White has been largely
responsible for coding the program in LISP. The progran
runs 1in the overnight LISP system at the Medical School's
ACME facility, and on the Stanford Computatigon Center 1BHN
360/67. It is currently being used by Dr. Steen Hammerun,
a post-doctoral fellow in chemistry from the University of
Copenhagen, to summarize the fragmentations found in the
spectra of substituted progesterones, and by Dr. Dennis
Smith to interpret data from other classes of steroids.

SEGMENT 2. The second segment of Meta-DENDRAL produces
reasonable rules of mass spectrometry. The rule formation
segmnent starts with the interpreted and summarized data from
the first segment. It looks for the processes which are
most frequent, which explain highly significant data points,
and which are least ambiguous with other processes. Atter
applying these criteria, it selects a set of processes which
appear to be characteristic of the whole set of m@molecules
initially given.

Planning before rule formation is necessary because there is
SO much intormation in the sumaary of possible
fragmentations found in the data. It 1is desirable to
collect all the information to avoid missing unanticipated
mechanisms which occur frequently throughout the compounds
in . the data. But evea the summary of the mechanisas is
voluminous enough to obscure the "obvious" rules waiting to
be found.

In a planning program implemented by Mr. Steven Reiss, the
computer peruses the summary looking for mechanisms with
"strong enough" evidence to call them first-order rules of
mass spectrometry. Our criteria for strong evidence may
well change as we gain more experieace., For the moment, the
program looks tor mechaniswms which (a) appear in almost all
the compounds (80%) and (b) have no viable alternatives
{(where “yiable alternatives” are those alternative
explanations which are freguently occurring and cannot be
distinguished unambiguously).

The output ot this program, even though crude in many
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seases, 1s useful to chemists who first want to see the
highly reliable, unambiqguous rules wvwhich can be foraulated.
If there are none, ot course, there is little point in
pressing ahead blindly. This is an indication that some
modifications need to be made, for example, splitting up the
original set of compounds into more homogeneous subgroups.
On the other hand, if some likely rules can be found, these
will serve as "anchor points" for resolving ambigqguities with
other sets of mechanisms and also serve as a "core" of rules
to be extended and modified in the course of detailed rule
formation.

SEGMENT 3. As mentioned above, <class separation is
important because the 1initial collection of compounds may
not be known to behave alike in the instrument. The rule
formation program must be prepared to retract its assumption
of homogeneity. Mr. Steven Reiss, working with bDr.
Buchanan, has written a first extension o0f the rule
formation program which allows class separation on the basis
of characteristic rules found for the subclasses.

A paper describing segments 2 and 3 - rule formation with
subclass separation - ‘has been submitted to the 3rd
International Joint Conference on Artificial Intelligence.

The computer proyrams produced to date have already proved
useful for helping to formulate mass spectrometry theory for
classes of biologically relevant molecules. Cheaists have
used these programs as tools for rule formation. They have
examined the estrogenic steroids this way, including
Separate studies on some eyuilenins, acetates and benzoates.
Also, they have used the program to interpret data fronm
several classes of pregnanes.

Plans:

In the coming period we propose to focus on three aspects of
theory tormation. We plan to (i) extend the capabilities of
the programs, (2) make our rule formation programs more
usable by chemists, and (3) continue our exploration of the
more theoretical aspects of rule formation.

1. We anticipate new ditfficulties as the <classes of
molecules under study become more complex, either with
respect to structural features or nass spectrometric
behavior. Although we have made the programs flexible,
extending the work just to new sets of data will undoubtedly
introduce new problems.

Now that the wusefulness of the prograas has been
demonstrated, we propose to couple the theory formation
program more closely to data of more direct clinical
relevance. For example, the mass spectrometry of amino
acids and the aromatic acids frequently found in urine needs
to be better understood before automatic analysis of the
components of (the acid and neutral fractions of) wurine 1is
successful. Parts A and B of this proposal, in other words,
can both be helped by the continuation of Part C.

The program is now limited to forming rules which are mRmore



descriptive of the sample than explanatorye We are
currently working on ways of generalizing the descriptive
rules so that they are more truly general. Drs. sridaaran
and Buchanan have started experimenting with computer
programs which generalize the rules in various ways. Mr.
Carl Farrell is currently working on a computer program for
his Ph.D. thesis which allows systematic exploration of
various methods of generalizing on rules, His work
investigates the efficacy ot different control structures as
well as ditferent inductive rules.

2. The programs are now used by chemists, but not without a
fair amount of help from the programming staff. Ne aust
overcome some of the barriers to facile use before the
programs can be counted as successful. For example, putting
the data in the correct format can be made easier, as can
defining constraints on the search space and modifying
parameter values.

The programs do not now require the chemist to know LISP.
However, we propose to develop easier access to control of
the programs through careful design of the wuser interface.
Depending on hardvware limitations, we would also like to
provide a time-shared, graphics- oriented interface.

3. The descriptive form of rules umentioned above may be
inherent 1in the conceptual framework we have chosen tor the
rule formation program. The program uses a "ball and stick"
nodel of molecular structures, so it is no surprise that
situations and actions in rules are simply described. We
wish to explore nmore sophisticated models of Rrass
spectrometry wvwith the hope of discovering how a progranm
could search the space of possible models during rule
formation. This 1s still a very challenging problem. We
have so far concentrated on more practical aspects of theory
formation ~ 1.e., producing results of inmwmediate wutility.
But we feel strongly that we must grapple with the outer
reaches of the problem in order to arrive at wmeaningful
solutions,

PUBLICATIONS —-— PART C
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PART D. CARBON-13 NUCLEAR MAGNETIC RESONANCE SPECTRQSCOPY

The goal of our Heuristic DENDRAL research is to develop
rapid, accurate and flexible computer techniques for
identifying unknown steroids and other biologically
important compounds from spectroscopic data. We have made
significant progress toward this goal: our system 1is
currently capable of correctly analyzing high-resolution
mass spectra of estrogenic steroids and mixtures thereof.
As we extend our wmethods to the aore complex probleas
presented by other steroid classes, and eventually by other
types ot biologically important molecules, we will find it
necessary to have available sources of structural
information other than mass spectroscopy. Carbon-13 nuclear
magnetic resonance (CMR) spectroscopy is an ideal candidate.

Basically, the CMR experiment measures the extent to «hich
each carbon nucleus in the sample molecule is shielded from
an applied magnetic field. This shielding, or chemical
shift, is caused by the distribution of electrons around the
nucleus, and is determined by the carbon's hybridization and
local chemical environment. Other 1investigators have
determined that the shift of a carbon is strongly dependent
upon the nature and placement of substituents at nearby
centers, and that to a first approximation these substituent
ef fects are additive. Thus, the CMR spectrum of a compound
contains information which rather straightforwardly can be
related to the possible local environments of each carbon.
The structural information provided by CMB data compliments
that from mass spectroscopy, and there is relatively 1little
redundancy between the two methods. Data from the latter
represent molecular fragmentations, which take r[rlace @most
readily near functional groups. Thus, mass spectroscopy
frequeantly gives structural inforaation about the
environments of such groups. In CHB spectroscopy, on the
other hand, the chemical shifts of carbons in large alkyl
moieties, far removed from functionality, are the best
understood and the most predictable. Farther, the
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fragmentation of large molecules such as steroids can show
the general pattern of substitution in the molecule, while
CHR shifts are sensitive to specific local patterns.
Because the two methods %“mesh" so nicely, we see the
development of analytic CMR techniques as an extremely
fruitful field of rtesearch. our eventual aim is to
completely define the structures of unknown compounds using
only these two sources of information.

We are well equipped to study this field. In our Chemistry
department, we have a Varian XL-100 (Fourier-transform)
nuclear magnetic resonance spectrometer, one of the most
sensitive and flexible instruments currently available for
CMR work. We have competent investigators in our Cheristry
and Computer Science departments who are interested in, and
in fact currently working on, the project. Finally, we have
had considerable experience with computerized structure
analysis, and much of what we have learned can be applied to
the CMR problen.

We have already begun investigating the use of CMR data in
automated structure analysis, with our imitial study
focussed wupon the acyclic amines. The analysis of
low-resolution mass spectra of large amines is not capable
ot discerning the structures of long alkyl chains, so ve
felt that this class of molecules would provide a good test
of CMR methods. Ms. Hanne Eyggert of our group has obtained
the CMR spectra of over 100 acyclic amines, and has derived
an accurate set of predictive rules relating structure to
chemical shifts. Dr. Raymond E. Carhart has used these
rules to develop a computerized approach to the
identification of amine structures from observed CMR spectra
(see attached manuscript). The program, entitled AMINE, has
proven to be extremely selective: The analysis of the CHMR
spectrum of trioctyl amine, for example, yields only seven
possible structures, though the w@olecule has over 700
million structural isomers. In contrast, the analysis of
the low-resolution mass spectrum of triheptyl amine gives
nearly 2000 solutions out of a possible 38 million isomers.
These results illustrate the tremendous amount of structural
information which CMR spectroscopy can provide.

This source of information has, in general, been ignored in
steroid—-identification research, primarily because large
amounts of sample (50 milligrams or more for steroids) are
needed to obtain reliable CMR spectrae. Howvever, CHR
spectroscopy 1is still a relatively new field, and the
sensitivity of current instruments is far from the threshold
which new technologies can provide. We expect the nminimunm
sample size to drop to the sub-milligram level in the
future, and with such sensitivity, the CMR spectrometer
could be a powerful tool in biochemical and amedical
research. If this tool is to be utilized to its fullest
extent, it 1is important that vwe begin now to develop the
concepts and techniques needed in the interpretation of CMR
datae.

We propose, then, to study various classes of steroids in a
manner analogous to the amine study, with the goal of
developing a program which can 'reason out? steroid

;
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sturctures from CMR data, perhaps 1in combination with
mass-spectral data. Ms. Eggert has already collected CMEK
data on a variety of keto—-substituted androstanes and
cholestanes to assess the effect of the carbonyl group on
the chemical shifts of the steroid-skeleton carbons, and
has, in the process, uncovered some nmistaken CMR shift
assignments published in the literature. We will study a
variety of functional groups in this way, deriving general
rules for predicting the spectra of more complex steroids.
As these rules emerge, we will couple them with tnae
computerized heuristic-search and structure-generation
technijues which we have developed in our previous mass— and
CMR-spectroscopy research.

PUBLICATIONS == PART D
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Applications of Artificial Intelligence for Chemical Inference. XI.1

Analysis of Carbon-13 NMR Data for Structure Elucidation of Acyclic

Amines

Raymond E. Carhart2 and Carl Djerassi,* Departments of

Computer Science and Chemistry, Stanford University,
Stanford, California, 94305, U. S. A.

This paper describes a computer program, entitled
AMINE, which uses a set of predictive rules to deduce
the structures of acyclic amines from their empirical
formulae and Carbon-13 NMR (CMR) spectra. The results,
summarized in Tables 2-5, of testing the program on 102
amines indicate that AMINE is quite accurate and selective,
even for large amines with many millions of structural
isomers, and demonstrate that the computerized analysis
of CMR data can be a powerful analytical tool. The
logical structure of the program is outlined here,
including a section on the general problem of spectrum
matching. Generalizations of the methods used by

AMINE are suggested.

I. INTRODUCTION

In recent years, there has been a substantial amount of research

directed toward the computerized identification of molecular structure

3-5 4,6,7

, NMR, and infra-red’ data. Our

3,4

from mass-spectroscopic

Heuristic DENDRAL program, which relies primarily upon mass-spectral
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data, has been shown to be quite accurate for certain classes of
saturated, acyclic, monofunctional compounds, and more recently, the
methods have been extended to the estrogenic steroids.3b There are
Timitations to the information content of mass-spectral data, however,
particularly when compounds are considered which have long, perhaps
highly branched alkyl chains. An analysis of the mass spectrum of
triheptylamine, for example, yields about 2000 solution structures,4
and although this is only a small fraction of the roughly 40 million
(non-stereochemical) isomers of CopHyeh, it is still an impractically
large number. The problem is that alkyl moieties do not give
characteristic fragmentation patterns, and in fact, most spectroscopic
methods are relatively insensitive to their structure.

However, recent studies indicate that C-13 nuclear magnetic
resonance (CMR) spectroscopy8 is an exception. For several classes of
compounds,9 rules have been obtained which allow one to predict the CMR
spectrum of a substance from its molecular structure, and in all cases,
the rules indicate that the chemical shift of any Carbon, even one in a
large alkyl chain-end, depends heavily upon branching at nearby centers.
Thus, it appears that CMR spectroscopy, either alone or in combination
with other methods, could be a powerful tool in the computerized
analysis of molecular structure. This paper outlines the methods by
which such an analysis may be carried out for the acyclic amines, and

10

describes a FORTRAN IV computer program, " entitled AMINE, in which

these methods are implemented.
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This class of compounds was chosen for two reasons. First, the
recent work of Eggert and Djerassi9a has yielded a detailed set of
predictive rules for the acyclic amines. Secondly, for a given number
of Carbon atoms, a saturated, acyclic amine has decidedly more
structural possibilities than most other simple types of acyclic organic
compounds (for example, stereochemistry aside, there are nearly 15

11 and thus

million C20-amines, but only about 6 million C20-alcohols),
the structural analysis of amines represents a particularly challenging

problem.

IT. DEFINITION OF THE PROBLEM

A fully proton-decoupled, natural-abundance CMR spectrum6
typically consists of a number of sharp peaks representing the resonance
frequencies, in the applied magnetic field, of the various types of
Carbon atoms present in the sample. A standard compound, commonly TMS,
is usually included in the sample to provide a reference frequency, and

the peak positions, or chemical shifts, are measured as fractional

deviations from this reference, in parts per million (ppm). Previous
investigations have shown that the shift of a particular Carbon is
determined by its hybridization and local environment, and thus each
shift contains some structural information. There are a few ranges of
shifts which are characteristic of certain functional groups, such as

C=0 or C=C, but aliphatic Carbons in most molecules lie in a broad
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spectral region from which detailed structural information cannot be

extracted readily.

9a 9b-k

For acyclic amines,” and a few other types of compounds,
there exist predictive rules which allow one to calculate the spectrum
of a compound whose structure is known, with a typical accuracy of about
1-2 ppm in a total range of roughly 100 ppm. For these classes, the
structure-identification problem could in principle be solved via the
generation of all possible structures of a particular type (say, acyclic
amines with a particular number of Carbon atoms), the prediction of
their spectra, and the comparison of these predictions with the observed
spectrum. In fact, Sasaki g;_gl,sb have used this procedure in the
automated identification of a few small alkanes. For large molecules,
though, the number of possible isomers can be overwhelming, and even a
very efficient computer program could not carry out such an analysis in
a reasonable length of time.

Program AMINE is designed to accomplish the same goal, but in a
much more efficient manner. It takes, as its only input data, an
observed CMR spectrum, the number of Carbons in the amine, and a
goodness-of-fit criterion. The observed spectrum consists of a list of
shifts, 9;(01,...,on), measured in ppm relative to TMS. Each of
these corresponds to one or more Carbons in the sample molecule. Under
favorable circumstances,12 it is possible to determine the number of

Carbons corresponding to each observed shift (this will be called the

tally of the shift) once the relative peak intensities and the
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empirical formula are known. If tbe tally of a shift is known to be at
Teast 2, 3, etc., then the shift is entered in duplicate, triplicate,
etc. in the observed-shift list. These tallies are not necessary to
the program's operation, but even if they are underestimated, they can
add considerably to the speed and accuracy of the analysis. The number
of Carbons, NC, in the amine must be greater than, or equal to, the
number of shifts in the observed spectrum. Generally, NC cannot be
determined from the CMR spectrum, but must be obtained from some other
analytical method such as mass spectroscopy or elemental analysis. The
goodness-of-fit criterion, DELTA, which is used in the comparison of o
to the predicted spectra of molecules or molecular fragments, represents
the maximum expected error in the predictive rules. The amine rules are

9d vho

derived, in part, from the alkane rules of Lindeman and Adams,
note that 95 percent of the studied alkanes have predicted shifts within
1.5 ppm of the observed values. A similar situation exists for the
amines, so a value of DELTA = 1.5 ppm has been used in most of this
work.

The goal of the program is to find all acyclic, Nc-Carbon amines
whose predicted spectra satisfy the following two criteria: a) Every
predicted peak must 1ie within DELTA of one of the observed peaks; and

b) Within this limit, the predicted shifts must be assignable to the

observed ones in such a way that all of the latter are accounted for.

ITI. OVERVIEW OF PROGRAM OPERATION



The operation of program AMINE can best be viewed in terms of four
interconnected processes; structure generation, pruning, filtering, and
spectrum matching. The STRUCTURE GENERATOR builds a pool of
increasingly large and complex alkyl chain-ends, and eventually uses
these to construct amine molecules. It relies heavily upon the PRUNER
to cull from the growing pool any chains which are inconsistent with the
observed spectrum, and similarly upon the FILTER to test entire amine
molecules. The FILTER also takes care of outputting the acceptable
solution structures, and ranking them according to how well they fit the
observations. Both the FILTER and the PRUNER use the spectrum MATCHER,
which is responsible for the actual comparison of predicted and observed

spectra. Each of these processes will be discussed in detail, below.
IV. STRUCTURE GENERATION

The structure generation scheme used in this study, which is
related to the enumeration algorithm of Henze and Blair,13 is
applicable only to saturated, acyclic, monofunctional compounds. It is
an efficient approach from the standpoint of CMR structural analysis
because it rapidly generates substructures which contain a relatively
large number of “"predictable" Carbons (i. e., those near the ends of

alkyl chains), and thus many of these substructures may be ruled out

early in the analysis as being inconsistent with the observed data.
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At any point in the generation, the STRUCTURE GENERATOR contains a
pool of monovalent alkyl radicals which, through pruning (see below)
have been found to be consistent with the observed CMR spectrum. The
pool initially contains only the -CH3 radical. By attaching one or
more of these pool members.(along with an appropriate number of hydrogen
atoms) to a central Carbon, it constructs new radicals, each of which is
passed to the PRUNER for testing. Any that agree with the observed
spectrum are included in the pool, and are subsequently used to
construct larger chains. In the final step of the analysis, the
STRUCTURE GENERATOR similarly attaches alkyl groups to a central
Nitrogen, constructing amine molecules of the proper empirical formula.
These it passes to the FILTER for final testing and ranking. At all
stages of the generation, tests are made which insure that no radical or
amine is considered twice.

As will be discussed below, a given alkyl radical actually
undergoes several different tests during pruning, with each test
corresponding to a distinct chemical environment in which the chain-end
might exist. The STRUCTURE GENERATOR keeps a record of these tests for
each pool'member, and constantly checks that it is using the radicals in
a consistent fashion. If, for example, the PRUNER finds that the ethyl
group is consistent with the observed spectrum only if it is attached to
Nitrogen in a secondary amine, the STRUCTURE GENERATOR will never
construct an n-propyl group, sec-butyl group, or any other radical which

contains an ethyl group connected to Carbon. Neither will it generate
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primary or tertiary amines with N-ethyl groups.
V. PRUNING

The PRUNER is the real heart of program AMINE. It is responsible
for keeping the growing chain-end pool to a manageable size by weeding
out alkyl radicals which are inconsistent with the observed spectrum.

In testing a particular chain-end, R, shown schematically in Figure 1,
the basic question considered by the PRUNER is: "Of all possible sets
of CMR shifts which R could produce, is at least one consistent with the
observed spectrum?” Actually, the question is somewhat more complex,
but this provides a good starting point.

9a a Carbon's shift is

Now, according to the predictive rules,
determined by the structure which surrounds it, up to four bonds away.
Further, the effect of a first-row atom which is four bonds removed does
not depend upon whether that atom is Carbon or Nitrogen. Thus, because
X in Figure 1 must contain at least one such atom (namely Nitrogen), the
shifts of Cg and any Carbons “"below" it are completely predictable and
independent of the internal structure of X. The shifts of the remaining
Carbons, C,, CQ and G, depend to varying degrees upon the structure
of X, with C, being the most sensitive.

By investigating all possible X structures to a "depth" of four

atoms (measured from the R-X bond), the PRUNER could generate an

exhaustive list of spectra that R might produce, testing each for
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inconsistency with the observed one. Usually, though, X contains enough
atoms that there are several hundred of these "depth-4" structures, and
the above approach proves to be rather cumbersome. Instead, the PRUNER
considers only "depth-3" expansions of X, for which C@ and all Carbons
below it are predictable. The shift of C, is simply ignored, even when
a reasonable estimate of its value might be made. This simplification
cuts the number of unique X substructures to, at most, 94.

There are two factors which can reduce this number still further.
First, some of the substructures may contain too many (or few) Carbons
to be consistent with the known atom-count of X. Secondly, there are
many cases in which a single predicted spectrum for R may result from
two or more related X's. This situation arises because, according to

% the shifts of certain types of Carbons

the predictive rules,
(specifically, those which are four or more bonds from Nitrogen, or
three if the degree of the amine is known) are not sensitive to the type
or distribution of first-row atoms which are four bonds away, but only

to their number. Thus, in the computation of the shift of Ce,

cH<

is equivalent to three other structures:
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C
cH( CH,-C CH,-C

SR G T G
CH, CHy~C CH, N

A1l four may be considered as a single entity, which can be represented

as:

-X

C_
~CH( }2 (the no. of non-H atoms)
C-

Once such a grouping of X substructures has been done, there
remain, at most, 69 cases for the PRUNEﬁ to consider. These are
summarized in Table 1, where they are further grouped into fifteen
classes according to a) the type of atom directly attached to R, b) the
degree of that atom and c) if that atom is Carbon, and is attached to
Nitrogen, the degree of the amine. The actual purpose of the PRUNER is
to consider each of these classes, determining whether at least one
class member gives R a predicted spectrum consistent with the observed
one, and to return the results of the fifteen class-tests to the
STRUCTURE GENERATOR.

The efficiency of this class-by-class investigation can be greatly
improved by the inclusion of a hierarchy of pre-tests, each of which is

aimed at excluding one or more classes at once. For example, classes
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1-12 in Table 1 all have one common feature: The atom to which R is
attached is Carbon. Thus, as a pré-test for all twelve classes, the
PRUNER treats X as a Carbon whose neighbors are unknown (schematically,

X

I

C-?) and predicts as much of the spectrum of R as possible. If
these predictions do not match the observations, it bypasses all further
consideration of classes 1-12 and proceeds with the X = N-? pre-test for
classes 13-15. Otherwise, it considers a number of more detailed
pre-tests, each corresponding to a possible set of neighbors to the
central Carbon in X = C-?. The actual hierarchy is outlined in Figure
2. In each of the pre-tests, the local environment of either CB or Cb’
is known to a depth of only three atoms, and hence the corresponding
shift cannot be predicted precisely. In most of these cases, the PRUNER
can derive upper and lower limits for the shift from the predictive

rules. These limits, which define an estimated shift, encompass a

re]ativeﬁy small spectral reéion (0-5 ppm) because the shift of a Carbon
is usually not very sensitive to atoms which are four bonds away. Even
though the estimated shifts are not exact, they convey useful
information to the MATCHER, and thus increase the overall program

efficiency.
VI. FILTERING

In the final stages of the analysis, the STRUCTURE GENERATOR

constructs amine molecules with NC Carbons by attaching to a central
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Nitrogen, one or more alky]l chains which have survived the pruning
process. These amines are passed to the FILTER, which is responsible
for calculating their total CMR spectra and, via the MATCHER, comparing
these predictions with the observations. If an amine passes the test,
the FILTER writes out the structure along with the predicted shifts. It
then repeats the spectral comparison using progressively smaller values
of DELTA until it finds the smallest value, DELMIN, for which a match
still exists. In the event that several solution amines result from a
particular run of AMINE, these DELMIN values can be helpful in ranking

the candidates according to how well they fit the observed spectrum.
VII. SPECTRUM MATCHING

Eventually, the pruning and filtering processes reduce to problems
in spectrum matching. Suppose the MATCHER receives for testing a 1ist
of m predicted shifts, some of which may be represented by small
spectral regions rather than exact values. Now, the predictive rules
are not precise, so each shift is actually associated with a range of
acceptable values (given the generic symbol r) whose size is controlled
by the input parameter DELTA. This parameter measures the maximum
tolerable disagreement between predicted and observed shifts, so the
range for a shift, S, extends from S+DELTA to S-DELTA, while that for an
estimated shift, bounded above and below by Su and S], extends from

Su+DELTA to S]—DELTA. It should be noted that, in the latter case,
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there are really two factors which contribute to the breadth of the
range. One is the basic imprecision in the predictive rules, while the
other arises because the PRUNER, in its pre-tests, sometimes calculates
shifts for Carbons whose environment is not completely known. The
spectrum-matching algorithm, though, makes no distinction between these;
It only "knows" that a predicted spectrum consists of a 1ist of ranges.

This list will be written as gf(rl,rz,...,r ), with u, and 1, as,

m 1

respectively, the upper and lower bounds for the range ry.

The nature of the observed spectrum, g?(ol,oz,...,on), has been
discussed in section II. The MATCHER takes these n shifts to be exact,
because any estimated uncertainty (usually on the order of 0.1 ppm) in
their measurement may be included in the tolerance DELTA. It is the
task of the MATCHER to ascertain whether r could be a subspectrum of
0, or if m=Nc (NC being the number of Carbons in the amine), whether
r could be interpreted as o.

If, for a range ris there exists an observed shift oj such that
szpjzﬂi- then it will be said that r. can be assigned to 0s-
The simplest test of agreement between r and o involves checking that
each r; in r can be assigned to at least one 05 in 0. This test does
not consider the important condition that, eventually, all shifts in o
must be used, and therefore a stronger test can be defined.

If every Carbon in the molecule gives a different observed shift,

or if an analysis of peak intensity data gives the tally of each peak,

then n=NC. In this case, it is clear that no two predicted shifts can
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be assigned to the same oj. Thus, referring to Figure 3, r does not
match o even though the simple test is not violated, because r and
ry must both be assigned to 05- In more complicated cases, each of
several ri's may be assignable to two or more oj‘s, and vice versa,

so the application of this test in an efficient manner can present

14a an outgrowth of

difficulties. Fortunately, simple matching theory,
the mathematical field of graph theory, provides a general method (see

MATCHING ALGORITHM, below) of finding the maximum number, M, of ranges

which can be assigned to the elements of o without duplication.

Clearly r cannot match o if this number is less than m.

There may be cases, though, in which complete tally information is
unavailable, which means that the number of observed shifts, n, is
smaller than the number of Carbons, Nc' In such cases, there are
(Nc-n) "extra" shifts which lie somewhere beneath the n observed ones,
but there is no way of determining where they belong. It is still
possible to strengthen the simple test, but here, the additional
constraint is that the predicted spectrum, once assigned, can have ro
more than (Nc-n) "extra" peaks, either. If the simple test is passed,
then every r; can be assigned to at least one oj. However, M 1is the
maximum number of ranges which can be assigned to o without
duplication, so (m-M) must be the number of "extra" ranges in r. The
condition that strengthens the simple test here, then, is

(m—M)_ch-n). Because M cannot exceed m, this condition reduces to

the previous one (m=M) when n=Nc.
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The above spectrum-matching scheme is useful not only in the
current study, but for general cases in which a set of predicted CMR
shifts of variable uncertainty is to be compared with an observed

spectrum with, perhaps, incomplete intensity information.
VIII. MATCHING ALGORITHM

The algorithm for determining M is related to the so-called

d14b

Hungarian metho of simple matching, but takes advantage of certain

special features of the spectrum-matching problem. It may be described
briefly as follows: Begin with M=0 and process the oj's in algebraic
order, beginning with the largest. For each oj, scan the ranges r

looking for those which satisfy “12932J1’ but which have not yet

been assigned. If there are none, proceed to the next oj. If there is

Just one, assign it to oj, increment M by 1 and proceed to the next

oj. If there are several, assign the one with the largest lower

limit (]1) to 05 increment M by 1 and proceed to the next 05

It is possible to prove that this gives the maximum matching
between r and o, but a presentation of our proof is beyond the scope
of this paper.

[X. RESULTS

Program AMINE has been implemented on the IBM 360/67 and DEC PDP-10
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computers. Any mention of timing in the following discussion refers to
total execution time (central processor time plus “wait time") on the
former machine.15 The program requires about 35 thousand words of
storage. A sample of the program's output is shown in Figure 4.

The only large set of amine CMR spectra available in the literature
is that given by Eggert and Djerassi,9a who used it in the derivation
of predictive rules. The set consists of 102 amine spectra, including
both shifts and tallies. Three of these spectra correspond to
diastereomeric mixtures, and these are not suitable for testing AMINE,
because the program assumes that the input spectrum corresponds to a
pure compound. Neither is tridodecylamine because it exceeds the
maximum number of Carbons (currently 24) allowed by the program. The
remaining 98 amines were used in the testing of the program.

Some experimentation indicated-that DELTA=1.5 ppm was small enough
for efficient and selective program operation, yet large enough that
about 95% of the test cases gave the correct solution among the output
structures. Increasing DELTA by 50% to 2.25 ppm slowed the program by a
factor of 2-4, but AMINE always obtained the correct structure with this
higher DELTA value. Generally, shift tallies were found to be
unnecessary for amines containing fifteen or fewer Carbons, but for
larger molecules, the analyses proved to be excessively costly unless
all of the Carbons were identified in the observed spectrum.

With DELTA=1.5 ppm, and using tallies for the amines with sixteen

or more Carbons, the program obtained only one answer, the correct one,
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for the 88 amines listed in Table 2. The six cases summarized in Table
3 gave from two to seven solutions, with the correct structure ranked

16 £5r first. For three of these six,

(see section VI.) first or tied
the inclusion of tallies ruled out the incorrect answers. Four amines
gave no solutions with DELTA=1.5 ppm. These were rerun using DELTA=2.25
ppm, and tallies were included to offset the longer running-times. As
indicated in Table 4, three of these runs gave only the correct answer,
while the fourth yielded two equally ranked solutions, including the
correct one.

These analyses required from 0.02 to 100 seconds of computer time,
with a typical 10- or 1ll-Carbon amine using about 1-2 seconds. In none
of the runs was an incorrect solution obtained without the accompanying
correct one, and in only four cases waé it necessary to use the larger
DELTA value. The results for the eight amines containing sixteen or
more Carbons are especially encouraging: In a reasonable length of
time, the program was able to select the correct structure, along with
very few others, from an "isomer space" containing from about 300,000
(for NC=16) to about 700,000,000 (for Nc=24) members.11

The above results are biased to some extent because the amines used
for testing the program are the same ones used by Eggert and Djerassi in
the predictive-rule formation. As a test of the generality of the
program, analyses have been run on the spectra of four "unknown" amines

which do not appear in the original list. The results of these tests

cases are summarized in Table 5. The spectra of the two 13-Carbon
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amines were analyzed using DELTA=1:5 ppm, and no attempt was made to
include tallies. Only the correct structure was obtained in these
cases. For the two 20-Carbon amines, tallies were measured under
special experimental conditions (see below). With DELTA=1.5 ppm, cne of
these gave two equally ranked structures, while the other gave none. A
rerun of the second case with DELTA=2.25 ppm yielded five solutions with
the correct one ranked as tied for second. This is the only case in
which the ranking procedure favored an incorrect answer over the correct
one, but here, as in most of the other multiple-result runs, the
incorrect structures are sufficiently different from the correct one

that they should be distinguishable by mass-spectroscopic techniques.

X. CONCLUDING COMMENTS

Two major conclusions result from this study. First, the CMR
spectrum of an acyclic amine appears to be highly characteristic of the
structure of the amine. For example, only one of the nearly 15

millioni!

structural isomers of C20H43N gives a predicted spectrum
which matches the observed spectrum of N-butyldi(2-ethylhexyl)amine.
Thus it can be concluded that CMR data do indeed contain a tremendous
amount of structural information. Secondly, it has been found that
efficient methods for extracting this information exist, and can be

implemented on the digital computer.

There is no reason to believe that these conclusions are peculiar
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to the acyclic amines. The computational techniques outlined in this

paper can readily be generalized to other classes of saturated, acyclic,
monofunctional compounds: To do so for a particular class, one needs to
obtain an accurate set of predictive rules, and, perhaps, to modify the
pruning process slightly to account for special features of those rules,

9c.d ge’ and a1coho1sgb,

Such rules already exist for alkanes , alkenes
and as research in CMR spectroscopy progresses, further sets should
become available. Extensions to polyfunctional and/or cyclic classes
would also require more sophisticated structure-generation methods, but
these are avai1ab1e.3’6a’17

In short, it appears @hat the computerized analysis of CMR spectra
holds great promise as an accurate and selective tool in the

identification of unknown compounds.
XI. EXPERIMENTAL

The four "unknown" amines were prepared, and their proton
noise-decoupled CMR spectra obtained, using previously described

9a

techniques. The spectra of the two 20-Carbon amines were also run in

the presence of chromium acetylacetonate, and the integrated intensities

18 The observed

from these were used to determine the peak tallies.
shifts for the four amines are given below, in ppm downfield of internal
TMS. The estimated uncertainty in these shifts is 0.1 ppm. For the two

20-Carbon amines, tallies are included in parentheses.

Pty
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N-(3-methylbutyl)-2-ethylhexylamine;53.6, 48.6, 39.8, 39.6,
31.7, 29.3, 26.3, 24.8, 23.2, 22.8, 14.1, 11.0.

N-(3-methylbutyl)-1,5-dimethylhexylamine;53.5, 45.6, 39.9,
39.4, 37.8, 28.1, 26.4, 24.0, 22.7, 20.6.

N-(2-ethylhexyl)-N-{3-methylbutyl)heptylamine;59.6(1),
55.0(1), 53.1(1), 38.1(1), 36.8(1), 32.3(1), 31.8(1),

29.7(1), 29.4(1), 27.9(2), 26.5(1), 24.9(1), 23.6(2),

23.0(2), 14.3(2), 11.0(1)

N-penty]-N-(3,3-dimethy1buty1)-3,5,5-t}imethy1hexy]amine;
54.5(1), 52.5(1), 51.9(1), 50.1(1), 40.9(1), 31.1(1),
30.2(3), 30.0(1), 29.8(1), 29.7(3), 27.7(2), 22.9(2),
14.1(1).
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Table 1. The Substructures X Considered by the PRUNER.
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5 R-CH< 1,2,....,6 CH,
C-
CH,=C
NH, R-N< 2
6 R-CH< CH,=C
c- }0,1,2,3
C
NH=C cde
7 R=oi( R-( <c
- }o.1.2,3 15] ‘o,
C C
NEC ch(
8 R-CH< R-N< C
- }o,1,2,3 CH,—C
c- C
9 R-céc- }1,2, ,9 c{c
c- R-N< c
NH,
10 R-c{c- }0,1,. ,6 e
c- chéc
R-N(
NH- CHKg
1 recde- }0,1,...,6 {
C_
c
NLC

12 Recdc- }O,l,...,ﬁ
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Table 2. Cases for which AMINE obtained only the correct structure
using DELTA = 1.5 ppm and, except as noted, no tallies.

Amine (prefix only)

methyl

ethyl

propyl

isopropyl

trimethy]l

butyl

sec-butyl

isobutyl

tert-butyl

diethyl

pentyl

1-methylbutyl
2-methylbutyl
3-methylbutyl
2,2~dimethylpropyl
N-methyl-sec-butyl
N-methyl-tert-butyl
N-methyldiethy]

hexy]l
1,3-dimethylbutyl
1,2,2-trimethylpropyl
2,2-dimethylbutyl
dipropyl

diisopropyl
N-ethylbutyl
N-ethyl-sec-butyl
triethyl
N,N-dimethyl-sec-butyl
N,N-dimethyl-tert-butyl
hepty]l

1-methylhexyl
l-ethylpentyl
1,3-dimethylpentyl
N-methylhexyl
N-isopropylbutyl
N-isopropyl-sec-butyl
octyl

l-methylheptyl
2-ethylhexyl
1,5-dimethylhexy]
1,1,3,3-tetramethylbutyl
dibutyl

diisobutyl
N-ethylhexyl
N,N-dimethylhexyl
N,N-diethylbutyl
N,N-diethyl-sec-butyl

-Amine (prefix only)

N-ethyldiisopropyl
nonyl
N-propylhexy]l
N-sec-butylpentyl
N-sec-butyi-3-methylbutyl
N-tert-butyl-3-methylbutyl
N-methyl-1,1,3,3-tetramethyl-
butyl
tripropyl
decyl
dipentyl
N-butylhexyl
N-tert-butylhexyl
N-sec-butyl-3,3-dimethylbutyl
di(3-methylbutyl)
N-ethyldibutyl
N-ethyldibutyl
N,N-diisopropylbutyl
N-pentylhexy]l
N-butyl-1l-methylhexy]l
N-pentyl-1,3-dimethylbuty]l
N-(3,3-dimethylbutyl)penty]l
N-butyl-1-ethylpentyl
N-methyl-N-butylhexyl
N-propyldibutyl
N-isopropyldibutyl
N-(1,3-dimethylbutyl)hexy]l
tributy]l
N-ethyldipentyl
N-tert-butyldibutyl
N,N-dibutyl-3-methylbutyl
N,N-dibutylhexyl
N,N-dibutyl-3,3-dimethylbutyl
N-sec-butyldipentyl
N,N-dipentyl-1-methylpenty]l
tripentyl
tri{3-methylbutyl)

Using tallies:

N,N-dipentyl-1,3-dimethylbuty]l

N,N-dibutyl-1,1,3,3-tetramethyl-
butyl

trihexyl

N-butyldi(2-ethylhexyl)

di(2-ethylhexyl)



Table 3.

Cases for which AMINE obtained two or more structures

using DELTA = 1.5 ppm and, except as noted, no tallies.

Amine (prefix only)

dihexyl

N-pentyl-1,1,3,3-tetra-
methylbuty]l

N-(1l-ethylpentyl)-1-propyl-
butyl

N,N-dibutylheptyl

diocty]b

triocty]b

Solutions (prefix only)

dihexyl a
N-pentylhepty]l

N-pentyl-1,1,3,3-tetra-
methylbutyl
N-tert-butyl-1,1-dimethyl-
heptyl

N-(l-ethylpentyl)-1l-propyl-
butyl
N-(1l-ethylbutyl)-1-propyl-
pentyl

N,N-dibutylheptyl
N-butyl-N-pentylhexyl

dioctyl
N-heptylnonyl
N-hexyldecyl

trioctyl
N-heptyl-N-octylnonyl
N,N-diheptyldecyl
N-hexyldinonly
N-hexyl-N-octyldecyl
N-hexyl-N-heptylundecyl
N,N-dihexyldodecyl

a) The use of tallies excludes these structures.
b) Tallies were used in these runs.

Rank

tied
tied

tied

tied

tied
tied
tied

tied
tied
tied
tied
tied
tied
tied



Table 4. Cases for which AMINE found no structures using
DELTA = 1.5 ppm. The correct solutions appeared
when DELTA was increased to 2.25 ppm and tallies
were included. ’

Amine

1-isopropylhexylamine
N-pent_y]-1,2,2-tr1‘methy]propy'laminea
N-butyl-N-(1,2,2-trimethylpropyl)pentylamine
N-butyl-N-penty1(1,1,3,3-tetramethyibutyl)amine

a) A second structure, equally ranked, was found in this
case: N-propyl-N-(1,2,2-trimethypropyl)hexylamine.
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Table 5.

Amine (prefix only)
N-(3-methylbutyl)-1,5-dimethylhexyl

N-(3-methylbutyl)-2-ethylhexyl

N-hepty]-N-(3-methy]buty])-2-éthy1hexy1

N-pentyl-N-(3,3-dimethylbutyl)-
3,5,5-trimethylhexyl

Conditions
DELTA Tallies
(ppm)  used?

1.5 no
1.5 no
1.5 yes
2.25% yes

Results obtained by AMINE for the four "unknown" amines.

Solutions (prefix only)

N-(3-methylbutyl)-1,5-dimethylhexyl

N-(3-methylbutyl)-2-ethylhexyl

N-heptyl-N-(3-methylbutyl)-2-ethylhexyl
N-pentyl-N-(3-methylbutyl)-2-ethylhexyl

2-ethy1-1,5,5,7,7-pentamethyl-1-
(2,2-dimethylpropyl)octyl

N-pentyl-N-(3,3-dimethylbutyl)-
3,5,5-trimethylhexyl

N,N-di(tert-butyl)-2-methyl-2-
(2,2-dimethylpropyl)hexyl

N-tert-butyl-1,1,3-trimethyl-3-
(2,2-dimethylpropyl)octyl

2-ethyl-1,1,5,7,7-pentamethy1-5-
(2,2-dimethylpropyl)octyl

a) With DELTA = 1.5 ppm, no structrures were found for this amine.

Rank

1 (tied)

*1 (tied)

2 (tied)

2 (tied)

2 (tied)

2 (tied)



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure captions

A schematic illustration of R, the alkyl chain-end to be
tested by the PRUNER. The group X contains the Nitrogen
atom, along with any carbons and hydrogens not included in R.

The hierarchy of pre-tests used by the PRUNER. A "?"
attached to an atom indicates that the neighbors of that atom
are unknown at testing time.

A case in which r and o do not match when n = Nc’ even
though the simple test is passed.

Sample output from program AMINE (PDP-10 version). The
solution structure is written in polish-prefix notation as
described in Reference 3a.
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CASE TITLE: N-ETYLYDIPENTYLAMINE

THE AMINE HAS 12 CARBONS

GOODNFESS-OF-FIT CRITERION IS 1,500

STANDARD IS TMS

INPUT SHIFTS: 54,00 27,80 30,10 23,00 14,30 47.¢

SOLUTION STRUCTURES:

N.'.CQCOCQCQCC.C'CQCOCCQC

SHIFTS: 54,299 27,881 30,239 22,960 14,210 54,2¢
27.881 30,239 22,960 14.210 47,667 12,8¢

DELMIN = 0,37

CASE FINISHED, PROCESSING TIME (IN SEC.) WAS 9,711



SIGNIFICANCE



SIGNIFICANCE

Because of the interdisciplinary character of this research,
‘it has a significant ispact in medicine, organic chemistry, and
computer science. GC/MS has become one of the most powerful
techniques available to the orgjanic and biochemist. The poteuntial
applications of these techniques in medical research and in the
clinic have just bequn to be explored. These techniques are of
unique importance to medical science since they alone of the
current physical methods have sufficient sensitivity and
analytical precision to study human biochemistry at the molecular
level. Compater automation of these techniques, both at the
instrumentation and interpretive levels, would permit the rapid,
exhaustive analysis ot body fluids across large populations ot
individuals in various medical contexts and may provide new
discoveries important to public health.

In our study of errors of metabolism, accurate diagnosis ot
the accumulated metabolite provides insight into the biochemical
pathogenesis and into therapeutic approaches to the coantrol of
such errors. In the case Oof inherited errors, accurate diagnosis
allows reference to published data on the mode of inheritance
and, thus, expresses the recurrence risk for jenetic counseling
purposes. The GC/MS5 system, with its potential for identification
of any metabolites, provides the diagnostic accuracy necessary
tor a clinical program. GC/MS5 also provides the methodology for
detecting previously unrecognized metabolic errors.

Froe the point of view of computer science, mass
spectrometry is an advantaygeous environment in which to
investigate the concepts necessary for the emulation of
lower-level cognitive and manipulative functions as well as for
the study of various forws of knowledge representation and
automatic theory formation. These concepts will be common in soae
form to all "intelligyent" systems and must be more fully
developed from their present primitive state. Hass spectrometry
is ideal as a milieu for this research in that it has tremendous
practical importance to aedicine, is sufficiently complex to
challenge the humarn intellect, dand is structured to an extent
amenable to computer proyram formulation within the current
state-ot-the-art.

fE



COLLABORATIVE ARRANGEMENTS



COLLABORATLVE ARRANGEMENTS

This project is an ainterdisciplinary research etfort
involving day-to-day collaboration between Professor J. Lederbery
(Department of Genetics), Professor C. Djerdssi (Department of
Chemistry), Professor E. Feigenbaum (Department ot Computer
science), Professor H. Cann (Department of Pediatrics), Dr. b.
Buchanan (Computer Sciencej, Ut., a. Duffield {(Geneticsj, Ur. D.
Smith (Chemistry), Dr. N. Sridharan (Computer Science), Pr. 5.
Hammerum (Chemistry), and the I'nstrumentation Research Lakoratory
of the Department of Genetics. We are also soliciting additional
participation of clinical research interests of the Departments
of Medicine and Psychiatry as well as other membkters of the
Department oi Genetics (Professors Cavalli-Sforza and
Herzenberg). The proximity of these people and facilities in a
medical environment offers a highly unique opportunity for
collaborative interaction.



FACILITIES AVAILABLE
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FACILITTES AVATLABLE

We will derive much of the clinically significant mat2rial
for analysis from patients in the Premature Research Center and
the Clinical Reseairch Center of the Department of Pediatrics at
S5tanford. Analyses will be performed on existing gas
chromatojrapi and wass spectroreter tnstrumontatioon. We have
available a gC-coupled Finnigan 1Uld quadrupole instrument in tue
Department 2t Gepeolics and a GC-coupled Varian—-mal 711 ionstrument
in the Department of Chewmistuy. also available in the bepartment
of Chemistiy are ML-4 and varian-rA7T Cli-4 instruments.

Woe will derive our coaputing resources from existing
PDP-11/20 mini-computet sviitems which interface the maus
spectroreter instruments an well as ftrom the ACHME follow-on
370/156 computer at Stantord tor data reduction and graphics
support. Atrtificial intelligence program development will be
carried out on the stanford Computation Center IusM 36U/67 and
machines available ovet the ARPA computer network. GC/mS data
will be interfaced to these proyrams through standard
communication links.



HUMAN SUBJECTS
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HUMAN SUBJECTS

As a part of this research project, GC/MS analysis
techniques will be applied to human body fluids In collabhoration
with clinlical investigators and blood and urine specimens will he
collected from human subjects. Collection of VOIDED URINE
SPECIMENS presents no risk to the patient. Collection of 5-10 mi
of blood by venepuncture is a procedure attended by minimal risk;
infection is a remote possibility, especially from deep
venepuncture (e.g. femoral tap). However, superficial veins are
usually used In children, and even Infants. !t Is only the
occasional infant that requires a femoral tap and this procedure
would be deferred for this project unless the specimen was
essential for diagnosis.



BUDGETS AND JUSTIFICATION



In the following budget estimates, the abbreviations
listed below are used to denote departmental affiliation or
professional specialty:

G - Genetics
CS - Computer Science
Ch - Chemistry

E - Electrical Engineering

a7



BUDGET -~ PART A

APPLICATIONS OF ARTIFICIAL INTELLIGENCE

TO MASS SPECTROMETRY

e 72



PRIVILEGED COMMUNICATION

SECTION 1!

SUBSTITUTE THIS PAGE FOR DETAILED BUDGET PAGE

————

GRANT NUMBER
SUBSTITUTE PERIOD COVERED
FROM THROUGH
DETAILED BUDGET FOR FIRST 12-MONTH PERIOD S/1/74 4/30/75
1, PERSONNEL (List all porsonnel ongaged on project) TIME OR AMOUNT REQUESTED (Om!t cents)
EFFORT
NAME (Last, firet, initial) TITLE OF POSITION %/ HRARS. j TOTAL
Lederberg Joshua G | Principal Investigator or 4 ‘
’ (l) Program Director
Feigenbaum, Edward A CSCo~-Principal Invest. 10
Buchanan, Bruce c.(1,2)cs Associate Invest. 50
Duffield, Alan Ch Associate Invest. 25
Smith, Dennis Ch [Research Associate 100
Hammerum, Steen Ch Research Associate 50
Sridharan, Natesa CS Research Associate 50 PART A
Reiss, Steve CS |Computer Programmer 50
Hjelmeland, Larry CS Research Assistant 100 =
Masinter, Larry CS Research Assistant 50
Stefik, Mark CS Research Assistant 50
Wharton, Kathy Admin. Assistant 25
Larson, Dee Secretary 25
(1) See Budget Notes
(2) In first yvear only 9/1)/74-4/30/75 covered
TOTAL ' 80,624
’
2, CONSULTANT COSTS (Inciude Fees and Travel)
s 1,100
3. EQUIPMENT (ltemize)
s
4. SUPPLIES
Office supplies 350
s
STAFF s
el 9. DOMESTIC 1,400
(See Inatnictions) b. FOREIGN s
6. PATIENT COSTS (Separate Inpatient and Outpatient)
s -
7. ALTERATIONS AND RENOVATIONS
s -
8. OTHER EXPENSES (Itemize per inatructions)
Telephone, postage, etc. $ 200
Publication costs 700
Computer terminal rent 3,200
Computer usage costs 36,000
$ 40,100
9. Subtota! ~ Items 1 they 8 [ 123,574
10. TRAINEE EXPENSES (Sce Instructions)
PREDOCTORAL No. Proposed s
FOR a. STIPENDS | POSTDOCTORAL No. Proposed s
OTHER (Specify) No. Proposed $
TRAINING DEPENDENCY ALLOWANCE S
GRANTS TOTAL STIPEND EXPENSES e—memeemeete | §
b. TUITION AND FEES s
ONLY
c. TRAINEE TRAVEL (Describe) $
11, Subtetal — Trainee Expenses s
'12. TOTAL DIRECT COST (Add Subdtotals, Itoms 9 and 11, and enter on Page I) $ 123 , 574
Substitute Budget Page 5-72 A2 y3 GPO 930.791

Fer Forms PHS 398 and PHS 2499-1




SECTION 11 — PRIVILEGED COMMUNICATION

Part A

DIRECT COSTS ONLY (Omit Cents)

BUDGET ESTIMATES FOR ALL YEARS OF SUPPORT REQUESTED FROM PUBLIC HEALTH SERVICE

15T PERIOD ADDITIONAL YEARS SUPPORT REQUESTED /This application only)

DESCRIPTION ISAME AS DE.
TAILED BUDGET) | 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR 6TH YEAR 7TH YEAR
PERSONNEL
COSTS
80,624 95,175 100,320
CONSULTANT COSTS
f, 2
{Include fees, travel, etc.} 1, 100 1,200 1,300
EQUIPMENT
SUPPLIES
350 400 450
DOMESTIC
TRAVEL 1,400 1,600 1,800
FOREIGN

PATIENT COSTS - - -

ALTERATIONS AND -
RENOVATIONS

OTHER EXPENSES 40,100 45,450 50,000

TOTAL DIRECT COSTS 123,574 (143,825 |153,870

TOTAL FOR ENTIRE PROPOSED PROJECT PERIOD (Enter on Page 1, Item 4) ————»

421,269

page if needed.)

See attached budget justification notes.

REMARKS: Justify alf costs for the first year for which the need may not be obvious. For future years, justify equipment costs, as well as any
significant increases in any other category. If a recurring annual increase in personnel costs is requested, give percentage. {Use continuation

PHS-398
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BUDGET - PARTS B (i) AND B (ii)

MASS SPECTROMETER DATA SYSTEM DEVELOPMENT
AND

ANALYSTIS OF THE CHEMICAL CONSTITUENTS OF BODY FLUIDS

'

~N

0



P

RIVILEGED COMMUNICATION SECTION |l

SUBSTITUTE THIS PAGE FOR DETAILED BUDGET PAGE

PERIOD COVERED

SUBSTITUTE

GRANT NUMBER

FROM THROUGH
DETAILED 0 -
BUDGET FOR FIRST 12-MONTH PERIOD 5/1/74 4/30/75
1. PERSONNEL (List all personnel engaged on project) E??;%? AMOUNT REQUESTED (Omit cents)
NAME(L'ast, first, initial) TITLE OF POSITION %/ HRS. [ TOTAL
Lederbefg , Joshua G | Principal Investigator or 3
Program Director
Duffield, Alan Ch |Associate Investig. 25
Pereira, Wilfred Ch [Research Associate 50
Summons, Roger Ch |Post Doctoral Fellow 100
Rindfleisch, Thomas E |Research Associate 100
Veizades, Nicholas E |Research Engineer 100 PART B (i) and (ii)
Reynolds, Walter E |Research Engineer 20
Tucker, Robert CS |Computer Programmer 75
Wegmann, Annemarie Ch |Sr.Research Assist. 100
Steed, Ernest E |Research Engineer 10
Pearson, Dale E {Electronics Tech. 60
DeFrancisci, Richard Machinist 20
Allan, Muriel Secretary 25
TOTAL > 1% 139,830
2. CONSULTANT COSTS (Include Fees and Travel)
. S -
3. EQUIPMENT (Itemize)
Computer Terminal
*
s 3,000
4. SUPPLIES 0f fice supplies-$750; chemicals,glassware,and lab apparatus—$2,500;
GC supplies (gases,phases,columns,etc.)-$950; dry ice and liq.nitrogen-
$1,500; electronic supplies and parts-$3,500;GC/MS data recording media-
$2,100; mini-computer supplies-$1,500; mass spec. repairs and parts-$7,600% 20,400
:;:JéL o. pomesTicl east coast ($500); 1 mid-west ($350); 1 west coa§§150)$ 1,000
(See Instructions) b. FOREIGN L3 -
6. PATIENT COSTS (Separate Inpatient and QOutpatient)
$ -
7. ALTERATIONS AND RENOVATIONS _
Mass spectrometer laboratory air conditioning and power modifications s 2,500
8. OTHER EXPENSES (Itemize per instructions)
Telephone and data communications - $1,200; Publication costs - $1,000;
Mini-computer maintenance contract - $4,600; computing costs from ACME
follow-on - $64,000
$ 70,800
9. Subtotal ~ [tems 1 thry 8 $ 237 ,530
10. TRAINEE EXPENSES (See Instructions)
PREDOCTORAL No. Proposed $
FOR a. STIPENDS | POSTDOCTORAL No. Proposed $
CTHER (Specily) No. Proposed s
TRAINING DEPENDENCY ALLOWANCE S
GRANTS TOTAL STIPEND EXPENSES e |§
b. TUITION AND FEES s
ONLY
¢. TRAINEE TRAVEL (Describe) $
", Subtotal ~ Trainee Expenses > | $
12, TOTAL DIRECT COST (Add Subtotals, Items 9 and 11, and enter on Page I) > |3 237.530
b ]
Substitute Budget Page 5-72 ALl GP O 930.791

For Forms PHS 398 and PHS 2499.1




SECTION 1l — PRIVILEGED COMMUNICATION Part B 1) and ii)
BUDGET ESTIMATES FOR ALL YEARS OF SUPPORT REQUESTED FROMPUBLIC HEALTH SERVICE
DIRECT COSTS ONLY (Omit Cents)
DESCRIPTION (;ﬂa?:sl%%. ADODITIONAL YEARS SUPPORT REQUESTED (This application only)
TAILED BUDGET) | 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR 6TH YEAR 7TH YEAR

PERS
Coar Vet 139,830 | 148,066( 156,775
CONSULTANT COSTS _ _ -
{Include fees, travel, etc.)
EQUIPMENT 3,000 3,000 3,000
SUPPLIES 20,400 21,050 22,250

DOMESTIC 1,000 1,000 1,000
TRAVEL

FOREIGN
PATIENT COSTS - - _
ALTERATIONS AND
RENOVATIONS 2,500 - -
OTHER EXPENSES 70,800 75,000 79,500
TOTAL DIRECT COSTS 237,530 248,116 262,525 '
TOTAL FOR ENTIRE PROPOSED PROJECT PERIOD (Enter on Page 1, Item ) ———— | $ 748,171

page if needed.}

See attached budget justification.

REMARKS: Justify all costs for the first year for which the need may not be obvious. For future years, justify equipment costs, as well as any
significant increases in any other category. If a recurring annual increase in personnel costs is requested, give percentage. (Use continuation

PHS-398




BUDGET - PART C

EXTENSION OF THE THEORY OF

MASS SPECTROMETRY BY COMPUTER

Y



PRIVILEGED COMMUNICATION SECTION Il

SUBSTITUTE THIS PAGE FOR DETAILED BUDGET PAGE

- GRANT NUMBER
PERIOD COVERED
SUBSTITUTE
FROM THROUGH
DETAILED BUDGET FOR FIRST 12-MONTH PERIOD 5/1/74 4/30/75
1. PERSONNEL (List all personnel cngaged on project) ;',__Mpﬁogﬁ AMOUNT REQUESTED (Omit conts)
NAME (Last, first, initlal) TITLE OF FOSITION n/HRS. TOTAL
f.ederberg, Joshua G Principal Investigator or 3
. 1 rogram Dirgcto
Feigenbaum, Edward A.( ) ¢s o-Principal Invest 10
Buchanan, Bruce c.(1,2) cs|associate Invest. 50
Kridharan, Natesa CS |[Research Associate 50
Hammerum, Steen Ch|Research Associate 50
White, William CS|Computer Programmer 50 PART C
Farrell, Carl CS|Research Assistant 100
Wharton, Kathy Admin. Assistant 25
Farson, Dee Secretary 25
(1) See budget notes
(2) Covers 9/1/74-4/30/75 in year 1
TOTAL > |3
48,521
2. CONSULTANT COSTS (Include Fees and Travel)
s -
3. EQUIPMENT (Itemize)
s -
4. SUPPLIES !
s 350
STAFF d. DOMESTIC $ 1,400
TRAVEL
(See Instnictions) b. FOREIGN S
6. PATIENT COSTS (Separate Inpatient and Outpatient)
$ -
7. ALTERATIONS AND RENOVATIONS .
$ -
8. OTHER EXPENSES (Itemize pcr instructions)
Telephone, postage, etc. $ 200
Publication costs 700
Computer terminal rental 1,600
Computer usage 21,000
s 23,500
9. Subtotal — ftems 1 thru 8 s 73,771
10. TRAINEE EXPENSES (Sce Instructions)
PREDOCTORAL No. Propased $
FOR o. STIPENDS | POSTDOCTORAL No. Proposed s
OTHER (Specily) No. Proposed $
TRAINING DEPENDENCY ALLOWANCE $
GRANTS . TOTAL STIPEND EXPENSES e | §
b. TUITION AND FEES s
ONLY
c. TRAINEE TRAVEL (Describe) s
11, Subtotal —~ Trainee Expenses — 1S
12. TOTAL DIRECT COST (Add Subtotals, Items 9 end 11, and enter on Page 1) — 13 73.771
2
Substitute Budget Page 5-72 Iy GP O 930.791

For Foems PHS 398 and PHS 2499-1




SECTION 1) — PRIVILEGED COMMUNICATION

Part C

BUDGET ESTIMATES FOR ALL YEARS OF SUPPORT REQUESTED FROM PUBLIC HEALTH SERVICE
DIRECT COSTS ONLY (Omit Cents)

1ST PERIOD

ADDITIONAL YEARS SUPPORT REQUESTED (This application only)

DESCRIPTION (SAME AS DE
TALLLD BUDGEYY 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR 6TH YEAR 7TH YEAR

PERSONNEL
cosTs 48,521 | 61,194 | 64,655
CONSULTANT COSTS
(Include fees, travel, etc.) - - -
EQUIPMENT - - _
SUPPLIES 350 400 450

DOMESTIC 1
TRAVEL : ,400 1,600 | 1,800

FOREIGN
PATIENT COSTS - - -
ALTERATIONS AND _ B _
RENOVATIONS
OTHER EXPENSES 23,500 27,650 30,450
TOTAL DIRECT COSTS 73,771 90,844 | 97,355
TOTAL FOR ENTIRE PROPOSED PROJECT PERIOD (Enter on Page 1, Item 4) ————= | § 261 970

REMARKS: Justify all costs for the first year for which the need may not be obvious. For future years, justify equipment costs, as well as any
significant increases in any other category. If a recurring annual increase in personnel costs is requested, give percentage, {Use continuation

page if needed. }

See attached budget justification notes.

PHS-398
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BUDGET - PART D

APPLICATIONS OF CARBON(13) NUCLEAR MAGNETIC
RESONANCE SPECTROMETRY TO ASSIST IN CHEMICAL

STRUCTURE DETERMINATION

Sl G



PRIVILEGED COMMUNICATION SECTION I SUBSTITUTE THIS PAGE FOR DETAILED BUDGET PAGE

GRANT NUMBER
PERIOD COVERED
SUBSTITUTE
DETAILED BUDGET FOR FIRST 12MONTH PERIOD|  ». e
. i 5/1/74 4/30/75
1. PERSONNEL (List all personnel engaged on project) élFMFEOOR$ AMOUNT REQUESTED (Omit cents)
NAME (Last, first, initial) TITLE OF POSITION %/ HRS. TOTAL
1
Djerassi, Carl( ) Ch | Principal Investigator or 3
Program Director
2
Carhart, Ray (2) Ch |Post Doctoral Felloy 100
fUnnamed Ch |Post.Doc.Res.Assoc. 100
Van Antwerp, Craig Ch |Research Assistant 50
PART D
(1) See budget notes
(2) Covers 9/1/74-4/30/75 {n year 1
TOTAL ~|$ 33,592
2, CONSULTANT COSTS (Include Fees and Travel) -
$
3. EQUIPMENT (Itemize)
s -
4. SUPPLIES !
Chemical gupplies 900
-
STAFF . $ 500
TRAVEL o. poMmesTIc 1 east coast trip
(See Instructions) b. FOREIGN $
6. PATIENT COSTS (Separate Inpatient and Outpatient)
s -
7. ALTERATIONS AND RENOVATIONS B
s -
8. OTHER EXF’E.NSES (Iltemize per instructions) .
Publication costs and reproduction services $ 100
NMR instrument usage (25 hrs/month @ $25/hour) 7,500
Computer usage 10,800
s 18,400
. ’ Subtotal ~ Items 1 thru 8 - |g 53,392
10. TRAINEE EXPENSES (See Instructions)
PREDOCTORAL Nes. Proposed s
FOR a. STIPENDS | POSTDOCTORAL No. Proposed s
OTHER (Specify) No. Proposed S
TRAINING DEPENDENCY ALLOWANCE S
GRANTS TOTAL STIPEND EXPENSES ———eeeee i [ $
b. TUITION AND FEES $
ONLY
c. TRAINEE TRAVEL (Describe) $
1", Subtotal ~ Trainee Expenses adl £
12, TOTAL DIRECT COST (Add Subtotals, Items 9 and 11, and enter on Page 1) » | $ 53,392
»
Substitute Budget Page 5-72 SO GPO 930.731

For Farme PHS 19R and PHS 2400.1




SECTION 1l — PRIVILEGED COMMUNICATION

Part D

DIRECT COSTS ONLY (Omit Cents)

BUDGET ESTIMATES FOR ALL YEARS OF SUPPORT REQUESTED FROM PUBLIC HEALTH SERVICE

1ST PERIOD ADDITIONAL YEARS SUPPORT REQUESTED (This application only)
DESCRIPTION (SAME AS DE-
TAILED BUDGET!| 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR 6TH YEAR 7TH YEAR

PERSONNEL
COSTS 33,592 53,178 56,176
CONSULTANT COSTS _ _ _
{Include fees, travel, etc.)
EQUIPMENT - - -
SUPPLIES 900 1,000 1,100

DOMESTIC 500 500 500
TRAVEL

FOREIGN
PATIENT COSTS - - -
ALTERATIONS AND
RENOVATIONS - - -
OTHER EXPENSES 18,400 20,000 22,200
TOTAL DIRECT COSTS 53,392 74,678 | 79,976 ‘
TOTAL FOR ENTIRE PROPOSED PROJECT PERIOD (Enter on Page 1, Item 4) —————» $ 208,046

page if needec..)

L

See attached budget justification notes.

REMARKS: Justify all costs for the first year for which the need may not be obvious. For future years, justify equipment costs, as well as any
significant increases in any other category. If a recurring annual increase in personnel costs is requested, give percentage. (Use continuation

" PHS-398
Rev. 3-70
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COMPOSITE BUDGET -

PARTS A+ B+ C+ D
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PRIVILEGED COMMUNICATION

SECTION II

SUBSTITUTE THIS PAGE FOR DETAILED BUDGET PAGE

PERIOD COVERED

GRANT NUMBER

SUBSTITUTE
FROM THROUGH
DETAILED BUDGET FOR FIRST 12-MONTH PERIOD 5/1/74 4/30/75
1. PERSONNEL (List all personnel engaged on project) El;‘FEC)??? AMOUNT REQUESTED (Omit cents)
NAME (Last, first, initial) TITLE OF POSITION %"/ HRS. I TOTAL
Lederberg, Joshua G | Principal Investigator or 10
Program Director
Feigenbaum, Edward CS |Co-Principal Inves. 20
Djerassi, Carl Ch {Co-Principal Inves. 3
Buchanan, Bruce CS |Associate Inves, 100
Duffield, Alan Ch [Associate Inves., 50
Smith, Dennis Ch |Research Associate 100 COMPOSITE BUDGET
Sridharan Natesa CS |Research Associate 100
Hammerum, Steen Ch |Research Associate 100
Pereira, Wilfred Ch |[Research Associate 50
Rindfleisch, Thomas E |Research Associate 100
Carhart, Ray Ch {Post Doctoral Fellow 100
Summons, Roger Ch |Post Doctoral Felloy 100
Unnamed Ch |{Post Doc.Res.Assoc. 100
See attached sheet
TOTAL $ 302,567
2. CONSULTANT COSTS (Include Fees and Travel)
$ 1,100
3. EQUIPMENT (ltemize)
Computer Terminal
$ 3,000
4. SUPPLIES '
See attached sheet
s 22,000
STAFF s
TRAVEL 0. DOMESTIC 4,300
(Sce Instnictions) b. FOREIGN $ _
6. PATIENT COSTS (Separate Inpatient and Outpatient)
s
7. ALTERATIONS AND RENOVATIONS }
Mass spectrometer laboratory air conditioning and power modifications s 2,500
8. OTHER EXPENSES (Itemize per instructions)
Telephone, data communications, postage, etc. $ 1,600
Publication costs $ 2,500
Mini-computer maintenance contract $ 4,600
NMR Instrument usage $ 7,500
Computer terminal rental 4,800 152
Computer usage (ACME follow-on, Campus 360/67, and ARPANET) $131,800 s 152,800
9. Subtotal — Items 1 thry 8 $ 488,267
10. TRAINEE EXPENSES (Sce Instructions)
PREDOC TORAL No. Proposed s
FOR o. STIPENDS | POSTDOCTORAL No. Proposed $
OTHER (Specify) No. Proposed $
TRAINING DEPENDENCY ALLOWANCE H
GRANTS TOTAL $TIPEND EXPENSES ———mam—eep | §
b. TUITION AND FEES H
ONLY
c. TRAINEE TRAVEL (Describe) 5
1, Subtotal — Trainee Expenses s -
12, TOTAL DIRECT COST (Add Subtotals, Items 9 and 11, and enter on Page 1) $ 488 ’267
Substitute Budget Page 5-72 AL GPO 930.797

For Forms PHS 398 and PHS 2499-1




DO NOT TYPE IN THIS SPACE-BINDING MARGIN

Continuation page

|
1

PERSONNEL (Continued)

Name

Title of Position

Veizades, Nicholas
Reynolds, Walter
Steed, lLrnest
White, William
Tucker, Robert
Reiss, Steve
Wegmann, Annemarie
Pearson, Dale
Hjelmeland, Larry
Masinter, lLarry
Stefik, Mark
Farrell, Carl

Van Antwerp, Craig
Wyche, Margaret
DeFrancisci, Richard
Wharton, Kathy
Larson, Dee

Allan, Muriel

SUPPLIES

Office supplies

E

CS
CS
cS
Ch

CS
CS
cs
cs
Ch

Research Engineer
Research Engineer
Research Engineer
Computer Programmer
Computer Programmer
Computer Programmer
Senior Research Assistant
Electronics Technician
Research Assistant
Research Assistant
Research Assistant
Research Assistant
Research Assistant
Laboratory Technician
Machinist

Administrative Assistant
Secretary

Secretary

Chemicals, glassware, and laboratory apparatus
GC supplies (gases, phases, columns, etc.)

Dry ice and liquid nitrogen

Electronic supplies and parts

GC/MS data recording media (chart paper, Calcomp, etc.)
Mini-computer supplies (paper, ribbons, tapes, disks, etc.)

Mass spectrometer repairs and replacement parts

Time or
Effort

100
20
10
50
75
50

100
60

100
50
50

100
50
50
20
50
50
25

$ 1,450
3,400
950
1,500
3,500
2,100
1,500

7,600
$22,000

PHS-398
Rev. 2-69

Page

GPO : 1968 O - 350-360
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COMPOSITE - PARTS A, B, C, & D-
SECTION {1 — PRIVILEGED COMMUNICATION

BUDGET ESTIMATES FOR ALL YEARS OF SUPPORT REQUESTED FROM PUBLIC HEALTH SERVICE
DIRECT COSTS ONLY (Omit Cents)

15T PERIOD ; UPPORT RE E : jcati
DESCRIPTION AT PERIOD ADDITIONAL YEARS S ORT QUESTED (This application only)
TAILED BUDGET)| 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR 6TH YEAR 7TH YEAR

PERSONNEL '
COSTS 302,567 357,613 377,926
CONSULTANT COSTS
{Include fees, travel, etc.) 1,100 1,200 1,300
EQUIPMENT 3,000 3,000 3,000
SUPPLIES 22,000 22,850 24,250
DOMESTIC 4,300 4,700 5,100
TRAVEL
FOREIGN - - -

PATIENT COSTS - - -

ALTERATIONS AND
RENOVATIONS 2,500

OTHER EXPENSES 152,800 168,100 182,150

TOTAL DIRECT COSTS 488,267 | 557,463 | 593,726

TOTAL FOR ENTIRE PROPOSED PROJECT PERIOD (Enter on Page 1, Item 4] ————— e $ 1 ,639,456

REMARKS: Justify all costs for the first year for which the need may not be obvious. For future years, justify equipment costs, as well as any
significant increases in any other category. If a recurring annual increase in personnel costs is requested, give percentage, {Use continuation
page if needed.)

PHS-398

Rev. 3-70 e /



BUDGET DLTALL AND JUSTIFICATION

The bulyets for the LENLDRAL Project are presented in four
parts, corresponding to the four proposal sections; A, B(ij and
(iL), C, andl D. Parts A and C represent the portions concerned
with Heuristic and Meta-DENDRAL; kPart B deals with the data
system automation and instrument maintenance functions as well as
the development aspects of GC/MS analysis of pody fluids; and
Part " 1is an extension ot DENDRAL methodoloygy to Carbon (13)
nuclear magnetic resonance spectrometry.

As a g2neral note, rrofessor Lederbery will devote a total
of 10% ot his time to this reszarch as the ?Principal
Investigator. His time is budgated as follows: 4% on Part A, 34
on Part B, and 3% on Part (.

The narrative comments on Parts A and C have been combined
below because the personnel and computer resources overlap to a
large extent.

BUDGET EXPLAJATION - PARTS A & C

PERSUNNFL?

a) The pecsonnel on the DENDRAL staff constitute its most
valuable resource. All of th2 people listed in the proposal are
now workiny on the DENURAL Project. A1l are necessary to
support the high level of scientific activity in Chemistry (A.
butfield, V. Smith, 5. Hammerum, and L. {ljelmeland) and
Computetr Science (R. Feigenbaum, B. Buchanan, N. Sridhatan, W.
White, S. KReiss, M. Ltefik, L. dasinter, 4and C. Farrellj.

Mr. tark Stefik's status will have changed to Research
Assistant for Part A from his current status as Computer
Progqrammer on Part B.

Mr. sSteve delss' salary has been increased in order to propelrly
compensat2 him for the duties he pertorms. Recent changes in
dratt boaru policies allow Conscientious Objectors to receive
higher compensation to refle-t actual job duties., sSpecific
University approval has been requested for this increase but
has not yst been received.

Mr, Larry #dasinter has previously been paid from other faunds,
but 1s essential to the NiH-related work.

P LT



b) Salary tigures are increased annually by 5% for merit
increases and promotions. Fringe benetits are budgeted at the
standatrd University rates of 17% through 8/74 and are increased
annually per University projections to 18.3% in 93/74, 19.3% iu
Y/75, and 20.48% 1n 9/70.

No new personnel are added in Year 2. However, the salary
budget increases by sore than the rates noted above because ail
of Dr. Bucihnanan's salary is covered (see c¢) below) and
Professor reigenpaum returns from his leave ot absence (see d)
below) .

c) btruce Ruchanar currently has an NTH Career Development Avard
throughk t/31/76. However, because of recent WIH budjet
cutbacks, there is a strong probability that this award will te
cancelled hefore that uate. Dr. Ferquson of NIH stated oun
276773 that the awvard could only be guaranteed through uw/74,

d) As potod 1in the Introduction to this proposal, vr.
Feigenbaum will be on leave of absence with AKPA tor a period
of two ycars. This overlaps the term of this qrant applicatioun
such that no salary is budygyeted for Dr. Feigenbaum duriny the
first grant year. His salary is budgeted starting in the second
grant year when he will formilly return to his position in this
research project,

LQUIPMENT:

No equipw2nt purchases are raquired tor Parts A and C.

SUPPLLES AND TRAVEL:

Office supplies are budgeted based on our experience over the
past year. The travel budget covers expected costs for
attendiny professional meetinys and maintaining contact with
related wdrk at other locations. Because Artificial
Intelligence is a rtapldly expanding field, it 1s essential to
maintain 3 high dJdeyree of personal interaction in order to
assimilata new developuments. These budget items dare increased
and rounda2d at 1o% per year.

AUy



OTHER EXPEHNSES:

Telephone costs include conn2ctions and usage for computer
terminals. Publication costs are budgeted at a nowminal rate
based on past experience and are increased by 10% per year, In
the catejory of Computer Terminal Rent, the budget for Part &
includes the lease const of 2 portable Texas Instruments
terminals. An additional terminal is added in 5/75 to
accommodate increased use of the projrams by versonnel aud a
larger cosmunity of Stanford users. The iPart ¢ budyet covers
the continued lease ot one T.J. terminal and an additional
terminal starting in 5/75.

Corputer time is budgeted according to current rate structures
based on 24r on-going cexperiance in utilizinjgy the Stanford
(SCC) A63/0v7 and machines available via the AxPANET., We will
not make use of the ACME follow-on machine (37u/15%8) for Parts
A and C bacause of the availability of superior LIs¢ facilities
on these other machines. Instrument data will be communicated
from the 370/158 (see pPart B) to the LISP progyrams for
analysis.



BUDGET LXPLANATION - PARLS B(L) AaD 8(ii)

This vudget covers instrumentatiorn maintenance, data syster
development, and resedarch into applications of GC/MS unalysis ok
body fluids as described in Parts B (i) and B(ii1) of this
proposdal. This budyet represents a significant increase over that
submitted tor Part B of the DENDRAL grant currently in-progjress
{(current budyet $80,000 per year). The major reasons for this
increase ar2 twofold: a) Increases in required personnel support
because of corresponding decreases in support from other sources
and b) The need to implewent oar computing support from a source
other than the ACME 36u/50 for which NIH funding is termindating.
We have riyorously attempted to keep these increases to an
absolute minimum consistent with maintaining the viability ot our
unaugmented research program.

We have previously receivad substantial support for our
GC/MS research from HASA. Becaase of shifting federal priorities,
however, NASA support has declined substantially and we project
Wwill terminate in the first yeir of this renewal. At the sanme
time, our rasearch has been moving to emphasize more and more
heavily GC/Ms5 applications in zlinically rc¢lated aspects ot
metabolic indicators of disease. Thus it 1s reasonable, as well
as necessary, that support for this continued research shiit to
NIH.

As wmerntioned in the Introduction to this proposal, we have
an application pending with NIH-GiS5 for support in applyinj these
technigques to aspects of yenetic disease. These proposals are
complementary in goals and it is assumed in this budyet that the
Genetics Center proposal will provide support for a mdajor
fraction {(approximately 50%) of tue low resoluotion GC/HS
laboratory (Finnigan 1C15 instrument) includinyg personnel,
supplies, otc. There 15, howevar, a small amount of operational
manpower ovarlap between the two proposed efforts., If bhoth
proposals dre funded, a4 savings will result through common
operational support which will be negotiated with NIH at the
appropriate time,

A5 discussed under future plans for Part B(i) of this
proposal, w2 have had to plan an alternative source of computing
to support this research bocause NIH subsidy of the ACHE facility
terminates in July 1973. We have chosen to use the
Stanford-suonsored follow-on to ACME, mounted on an Ism 37.4/150,
since ovur computer proyrams will operate with a minigum of
modification. This facility will operate on a tee-for-service
basis. Whera2as its rate structure is still evolving, we have
estinated, on the basis of available information, the cost of
transferring our computing to that facility as teflected in our
budget (%64,u09 per year). Tt should be noted that this rate
structure doses not include indirect charges at this time. as the
rate structure pecomes buetter lefined, the indirect cost may be

ey
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included in the usajge rdates. Tals would neacessitate a 5light
modification of the budygyet as will be negotiated with NID as
appropriata.

Tue tollowing gives a detalled description of the virious
components 21 the vart i+ budjet:

PFESONNTL:

The personnel budgetaed for GT/My applications, laboratory
operations, and data system levelopment are necessary to
achieve nur research quals and are currently active in the
GC/Mu projrams. Cheamistry sSuppoit for the interpretation of
body fluil analyses in cooperation with our clinical
conllaborators include Drs. A. buffield (29x), wW. Periera (20%),
and . Surwons (10u%). M. Wyche provides laboratory and
instrumett operation support for the low resolution GC/M5
laboratory. #Messers dindfleisch, Velizades, Reynolas, and Tucker
are essertial to the data systean developmant effort and proviue
hardware and software maintenance support as well. dessers
gindrleiscu (100%) ard Tucker (/5%) are priwarily rtesponsiuvle
for the s>ttware systcea design, implepentation, anu
maintenance, Mr. Veizades (100%) 13 primarily concerned 41th
the hardware maintenance and development aspects of the hijh
resolution HAT-711 instrument aanl Mr. Revunolds (L0x) with the
Finnigan 1v1% low resolution i1nstrument. ¥s. A. weguann (1u0k%)
is responsible for the operation of the hiqgh resolution GCT/M5
instrument (#MAT-711). br. Steed (10%) provides necessary
Jlasswork development ana maintenance, Mr. Pearson (60%)
suprorts the fabrication and repair of eloctronic hardware for
poth instruments, and d4r. DeFrancisci (2u%) provides necessary
rachinist support for mechanical repairs and fixtureus., fs.
Allan (2%%) provides reguired secretarial support ror thoe above
Instruwentation kesearch Laboratory persornel.

This manpawer complement is carried into the future years as
shown. Salaries are increased by 95k perl yedr and staff Lenetits
are appliod at standdarvd University rates. These start at 17k in
fiscal year 1974 (9,73 - 8//4) and increase to 18.34% in /74,
19.34¢ 1n 9,775, ard 20.4% in 3/7b based on University
projections.

BCUIPBENT:

Our request for additional ejuipment is wminimal. We budget tor
the purchlase of a4 computer tareinal in the first year for
$3,000. This replaces a currantly rented terminal integril to
the 4T/ /#L data systewm and saves 55,280 over the three yeaar



Jgrant period by purchasing instead of continued reutal.

In the sa2cond year we budqget for an event counter necessary ftor
proper ejquipment maintenance for which we dare assuming
respounsibility., ®We dalready maintain the Finnigyan 1015
instrument and will take over the NMAT-711 because of
progressively poorer pertormance by VARLAN Assiocidtes in
maintaining that instrument over the past year. This equipment
is also n2eded to implement 2xperimental control functions on
the mass sprctrometer.,

In the third year, replacem2nt of outdated test cequaipment will
be roquirad. $3,000 are budgated for this purpose,.

SUPPLLES:

Supplies are budgeted based on our actual operatinyg cxperience
and are sinimized consistent with a viable research effort.
Office supplies include stationery supplies, postage,
reproduction services, etc. ind are budjyeted at $63 per month.
The buadger for chemicals, yglissware, and laboratory appdcratus
(£2,900) provides the necessary materials for derivatizing and
analyzing body fluid samples. GC supplies ($950) and dry ice
and liquidl nitroyen ($1,500) are necessary tor instrusent
operation and are based on past 2xperience, The lar jest part ot
the ligquid nitrojen budg=at i35 usad for the high resolution
instrumant. Electronics supplies and parts ($3,5J03) inclade
circait taards, semi-cornductars, etc. needed for mass
spectromeater control electronics such as tor the metastable
acnquisition system as well a5 for maintaining our existing test
aquipmant (oscilloscopes, voltmeters, power supplievu, eto.),
GC/M5 data recorcing media (be, 190) 1include Chart anag Calcowp
plotter papers of various types (including UV-sersitive naper
for the YAT-711) for tae purvose of rccotrtding M4ass spectrometor
and gas chromatoyraph cffluent uata. The hudjeted awmount
reflects our usaje over the past year. Similarly, wini-conputer
supplies ($1,500) include Teletype and line printer paper and
ribbons, magnetic tapes (DEC tape and 1phk compatible tape), arud
disk cartridges vased on previous usage history. The budget for
mass spectiometer repairs anl replacement parts (§7,600) covers
our maintznance of these instruments based in part oo
predictable replacaments (filamonts, multipliers, <tc.) and in
part on dan estimate tromn pravious experience of unscheduled
probtlems {(power supplies, valves, pumps, etc.).

Phe supplies budjet tor future y2drs covels tihese sime LLens
with 6% added for increased usage and intlation.



TRAVEL:

We have Luodgeted for travel to attend protessional meetings and
to visit other GU/NS laboratorics on tae basis of 0 eaut ooast
trip ($500), 1 mid-wost trip ($350), and | west coast trip
($15.) .

ALTERATTONS AND EENOVAYIONS:

We have had problems with thermal overloads on the high
resolution rass spectromcter instrument and associated
electronics during the summer months., In addition, because ot
the modified computiny configuration required by the ACHMK
transition, we will locate a disk and printer equipment in the
same laboratory to support the mini-computer interfacing the
MAT-711. These conditions rejuaire an auyrentation to existing
air-conditioning and power facilities in the laboratory
estirated at $2,500.

OTHLER EXPENSES:

we budget for telephone and data communications saervice based
on our current eryperience ($100 per month). Tn addition, $1,0.0
is budyeted for publication costs and 34,600 for mini-computer
maintenance. This maintenance 1s an extension of our current
cortract with Digital Equipment Corporation and includes the
prevailiry 10% discount in the Stanford/LEC contract.

We budget tor data reduction and storage computing costs on the
ACME tollsw-on machine (370/15&5; as follows, based on our ACwH:Z
experienc2 and current information on the follow-on system rate
structure, We consume approximately 300,000 page-minutes of
computing per month on ACME for development and production
computingy. At a rate ot $.02 per page-minute, this comes to
6,000 per month. In addition, we usc approximately »«,00U0 pet
month for data storaye («0,000 vlocks at k.10 per uwiock per
ponth). This gives a total of 36,000 per year and applying a
projected 30% discount rate for hijh volume usage, leaves an
estimated net cost of $64,000 per year.

Thesce estimates are increasel by 6% in succeeding years for
increased usage and inflation.

/"-L_ i -‘r"



BUDGET EXPLANATION ~ PART D

This tudget covors the portion of the research program which
extends the DENDRAL methodology to Carbon (13) Jduclear Magnetic
Resonance Spectrometry.

PERSONNEL:

The personnel budget includes a salary tor Dr. R. Carhart after
the cxpiration of his NIH FelloWwship in b/74, one Post boctoral
Reseiarch Associate (to bo adled to the staff), and one
half-tim> Research Assistant (Mr. Van Antwerp). ¥o funding is
requested for Dr. Carl Djerassi's time (3%). A Computer
Programmer (to be added to the staff) is budgeted in 1375 to
assume th= additional anticipated programming duties.

Salaries are increased by 5% per year and staff benefits are
applied at standard University rates. These start at 17% in
fiscal year 1974 (9,73 - 8/74) and increase per University
projections to 15.3% in 9/74, 19.3% in 9/75, and £0.4% in 9/70.

SUPPLIES:

We budget »900 for chemical supplies for the prepacation ot
test samples.

FRAVFL:

We tudyet $500 to cover one 2ast coast trip.

OTHER EXPENSES:

Other expanses include $100 for publication and reproduction
costs and 37,500 for usage of the existing NMR instrument in
the vepattwment of Chemistry. This NMR usaje 1s budgeted at
standard rates covaringy 25 hours of usage per month at §25 per
hour. in addition, we budget four use of the stanfora (sC7)
360/uv7 comsputer where CMg analysis proyrams, at the current
level of 3levelopment, are run. these costs ave conputed on the

st
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basis of 1.5 hours of usage per month at approximately $o000 per
hour. '
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NANE TiTos 8IRTHOATE (AMa, Gay, rr..
Professor and Executive Head,

LEDERBERG, JOSHUA Department of Genetics 5-23-25
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (If ron-U.S citizen, SEX
Indicate kind of visa and expiration date)
Montc{air, New Jersey U.S A, Y Male TiFemaln
ECUCATICN 'Jugin with baccalaureate training und include postdoctorall
- YEASR [ SCIENTIFIC
INSTITUTION AND LOCATION DEGREE CONFERRED FIELD
Columbia College, New York B.A. 1944

College of Physicians & Surgeons,
Columbia University, New York (1944-46]
Yale University Ph.D. 1947 Microbiolooy
HONORS
1957 - National Acadeay of Sciences
1958 ~ Nobel Prize in Medicine

MAJOR RESEARCH INTEREST _ ROLE {N PROPOSED PROJECT

Molecular Genetics; Artificial Intelligencd PRINCIPAL INVESTIGATOR
RESEARCH SUPPORT [See instrucgons)

SEE ATTACHMENTS:

RESEARCH ANDXOR PROFZSSIDNAL EXPERIENCE (Starting with present posigon, [ist (raining end expanence relevant io ares of project List ail
Of MOost representadve pubhications Do not exceed 3 pages for each individaal,) . :

1961~ Stanforc University
L Director, Kennedy Laboratories.for Molecular Medicine
1959~ Proféssor, Genetics and Biology, and Executive Head Department of

Geneticu, Stanford University
1957-1959 University of Wisconsin
Chairman, Department of Medical Genetics

1957 Melbourne University, Australia
Fullbrighc Visiting Professor of Bacteriology
1950 University of California, Berkeley

Visiting Professor of Bacteriology
1947-1959 University of Wisconsin
- Professor of Genetics
1946-1947  Yale University. Research Fellow of the Jane Coffin. Childs Fund for.
Medical Research
1945-1946 Columbia University. Research Assistant in Zoology

Professional Activities:

1967~ NIMH: National Mental Health Advisory Council

1961-1962 President (Kennedy)'s Panel on Mental Retardation

1960- NASA Committees: Lunar and Planetary Missions Board

1958-" National Academy of Sciences: Committees on Space Blology

1950~ President's Science Advisory Committee panels. National Institutes

of Health, National Science Foundation study sections (genetics)

RHS-338
Rav, 3-70



1

2)

3)

4)

5)

6)

7

Grant Number

NASA:NGR-05-020

NIH:AI-05160

NIH:RR-00311

NIH:GM-

NIH:RR-00785

NIH: Computer Lab-
oratory Health
Care Resource
Program

NIH:GM00295

RESEARCH SUPPORT SUMMARY FOR JOSHUA LEDERBERG

Grant Title

Cytochemical Studies of Planetary
Micro-organisms

Genetics of Bacteria

Advanced Computer for Medical Research
(ACME) Stanford Medical School Facility

Genetics Research Center
(J. Lederberg,Principal Investigator

Stanford University Medical
Experimental Computer Facility (SUMEX)
Successor to #3

Large Scale Screening of Body Fluids
for Metabolic Signs of Disease with
Computer-managed Gas Chromatographv
and Mass Spectrometry

Training Grant in Genetics

Current Year

$ 180,000

60,000

362,632

547,035

884,660

159,881

143,964

Total Award

$3,800,000

280,000
2,612,632
(yrs 4-7)
2,609,383

5,960,417

900,238

756,650

Grant Term

9/60-8/73

(Future support

dubious)
9/68-8/73

(Renewal pending)

1966-7/73
(see #5)

9/73-8/78
(Pending)

9/73-8/78
(Pending)

9/73-8/78

(Pending,Program

Budgeted

%

funds impounded)

7/69-6/73
(Renewal
pending)

Time

47

15%



SELECTED LIST OF PUBLICATIONS

Lederberg, J., 1959
A View of Genetics
Les Prix Nobel en 1958: 170-89.

Buchs, A., A. B. Delfino, A. M, Duffield, C. Djerassi, B. G. Buchanan,
E. A. Feigenbaum, and J. Lederberg, 1970.
Applications of Artificial Intelligence for Chemical Inference.
VI. Approach to a general method of interpreting low resolution
mass spectra with a computer., Helvitia Chimica Acta 53 (6): 1394-1417.

Feigenbaum, E. A., B. G. Buchanan, J. Lederberg, 1971
On generality and problem solving: a case study using the DENDRAL
program in Machine Intelligence 6, (B. Meltzer and D. Michie, eds.),
Edinburgh University Press, P. 165-190.

Reynolds, W. E., V. A. Bacon, J. C. Bridges, T. C. Coburn, B. Halpern,
J. Lederberg, E. C. Levinthal, E. Steed, R. B. Tucker, 1970 .
A Computer (Operated Mass Spectrometer System.
Analytical Chem. 42:1122-1129, September 1970.

Lederberg, J.
"Use of Computer to Identify Unknown Compounds: The Automation of
Scientific Inference" in Biochemical Applications of Mass Spectrometry
(G. R. Waller, ed.). John Wiley & Sons, New York (in press).




SELIIUN Il ~ PRIVILEGED COMMUNICATION Principal Investigator: Carl Djerassi
BIOGRAPHICAL SKETCH

(Give the following information for all professional personnel listed on page 3, beginning with the Principal Investigator.
Use continuation pages and follow the same general format for each person.)

NAME TITLE BIRTHDATE (Ma,, Day, Yr.]
Carl DJERASS! Professor of Chemistry October 29, 1923
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (/f non-U.S. citizen, SEX
indicate kind of visa and expiration date/}
Vienna, Austria U.S.A. KMale [ Female
EDUCATION (Begin with baccalaureate training and include postdoctoral)
YEAR SCIENTIFIC
INSTI !
TUTION AND LOCATION DEGREE CONFERRED FIELD
Kenyon College A.B. (summa 1942 Chemistry, Biology
cum laude)
University of Wisconsin Ph.D. 1945 Organic chemistry,
Biochemistry (minor)

HONORS * Hon, D.Sc., Natl. Univ, of Mexico (1953), Kenyon College (1958), Worcester Polytechnic
Institute (1972); Hon, Prof,, Fed. Univ. Rio de Janeiro (1969). Member U.S. National Academy of
Sciences, American Academy of Arts and Sciences, foreign member, Royal Swedish Academy of Sciences

f a ienti leopoldina), Brazilian Academy of Sciences, (cont, below)

MAJOR RESEARCH INTEREST Nat. prod. c_hemi‘sf ROLE IN PROPOSED PROJECT

(steroids, alkaloids, terpenoids, antibjotics) and
chem, appliccifions of pEysiccl, methads (mass Principal Investigator
ec,, optical rotatory dispersion, circular
RESEARCH SUPPORT (See instructions)  dichroism), Current  Total % Time
Grant Title Period Year Budgeted Effort
NIH AM 04257 Mass Spectrometry in 10/1/70 to $56,833 $316,016 10%
Organic and Biochemistry  9/30/75
NiH GM AM Marine Chemistry with 1/1/73 to 112,550 578,180 18%

06840-15 special emphasis on steroids 12/31/77
This is o pending application which, if approved, will represent o renewal of my current NIH Grants
No. GM 06840 and No. AMCA=-12785, both of which expire in 1973,

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list training and experience relevant to area of project. List all
or mast representative publications. Do not exceed 3 pages for each individual,)

Academic Experience:
Professor of Chemistry, Stanford University, 1959~present.
Associate Professor (1952-1954) and Professor (1954-1959), Wayne State University,

Industrial Research Experience:

Ciba Pharmaceutical Co., summit, N.J.: Research Chemist, 1942-1943 and 1945-1949.
Syntex Corporation: Associate Director of Chemical Research {(Mexico City) 1949-1952,
Research Vice President (Mexico City) 1957-1960; (Palo Alto, California) 1960-1968,

President, Syntex Research 1968-present,

Editorial Boards:
(Current) Journal of the American Chemical Society, Steroids, Tetrahedron, Organic Mass Spectrometry.

(continued on next page)

Honors (cont.)

Mexican Academy for Scientific Investigation. Hon. Fellow of Phi Lambda Upsilon, Amer. Academy of
Pharmaceutical Sciences, British Chemical Society and Mexican Chemical Society, Phi Beta Kappa.
Numerous hon. lectureships including 1964 Centenary Lecturer (The British Chemical Society) and 1969
Annual Chemistry Lecturer, Royal Swedish Academy of Engineering. American Chemical Society Award
in Pure Chemistry (1958), Baekeland Medal (1959), Fritzsche Award (1960). Intra=Science Research
Foundation Award (1969). Freedman Patent Award of American Institute of Chemists (1971).

Foreign Member, Royal Swedish Academy of Sciences (1972). D.Sc. (hon.), Worcester Polytechnic
Institute (1972). Scheele~Lecturer, Pharmaceutical Society of Sweden (1972); American Chemical

RHS-398 Society's Award tor Creative Invention g‘ﬂd).
Rev. 3-70 - age 5

U, S, GOVERNMENT PRINTING OFFICE : 1971 O - 451-736



DO NOT TYPE IN THIS SPACE-BINDING MARGIN

BIOGRAPHICAL SKETCH (C. Djerassi) Continuation page  Principal Investigator:Carl Djerassi

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (cont.)

Miscellaneous:

Chairman of the AAAS Gordon Research Conferences on Steroids and Natural Products (1952-1954);
Member of American Pugwash Committee (1968 to present); Chairman of Latin America Science Board
of National Academy of Sciences (1966-1968); Chairman of National Academy's Board on Science
and Technology for [nternational Development.

PUBLICATIONS

Author or co-author of 750 publications and six books. Approximately 150 papers and one book |
deal with various applications of chiroptical methods in organic and biochemistry. ]

PH4S-398 Page
Rev. 2-69 GPO : 1969 O - 350-360



SECTION 11 — PRIVILEGED COMMUNICATION

BIOGRAPHICAL SKETCH

{Give the following information for all professional personncl listed on page 3, beginning with the Principal Investigator.
Use continuation pages and follow the same general format for each person,}

NAME T|Tl:E . BIRTHDATE Mo., Day, Yr.)
Principal Investigator,
Feigenbaum, Edward A. DENDRAL Project 1-20-36
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (If non-U.S. citizen, SEX
indicate kind of visa and expiration date)
Weehawken w Jer U.S. Citi
h en, Ne ersey 5. Citizen £ Matle  [JFemale
EDUCATION (Begin with baccalaureate training and include postdoctoral)
YEAR SCIENTIFIC
INSTITUTION AND LOCATION DEGREE CONFERRED FIELD
Carnegie Institute of Technology
Pittsburgh, Pennsylvania B.S. 1956 Electrical Engineering
Ph.D. 1959 Behavioral Sciences.

HONORS g3nd memberships: -
American Psychological Association; Association for Computing Machinery (Member
of the National Council 1966~68); American Association for the Advancement of

Science., )
MAJOR RESEARCH INTEREST ROLE IN PROPOSED PROJECT
Artificial Intelligence Principal Investigator

RESEARCH SUPPORT (See instructions)

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list training and experience relevant to area of project List all
or most representative publications, Do not exceed 3 pages for each individual.)

1965- Stanford University, Computer Science Department Faculty
. 1965-1968 Stanford University, Director, Computation Center
1963 Summer Research Training Institute in Computer Simulation of Cognitive
Processes (National Science Foundation)
1962 Carnegie Corporation. ©Sumer Research Training Institute in Heuristic

Programming. Faculty member.
1960-1964 University of California, Berkeley
Research-Center for Research in Management Science, 1960-196k
Research-Center for Human Learning, 1961-196L )
Assistant and Associate Professor, School of Business Administration, 1960-6k
1957-1960 The RAND Corporation, Santa Monica, California
1956 IBM Scientific Computing Center, New York

Selected Publications:
"Applications of Artificial Intelligence for Chemical Inference I. The Number
of Possible Organic Compounds. Acyclic Structures Containing C, H, O and N",
J. Am. Chem. Soc., 91, 2973 (1969). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference II. Interpretation
of Low Resolution Mass Spectra of Ketones", J. Am. Chem. Soc., 91, 2977 (1969).
 (Co-Author). ‘

RHS-398
Rev. 3-70



Publications of Edward Feigenbaum

"Applications of Artificial Intelligence for Chemical Inference III.
Aliphatic Ethers Diagnosed by their Low Resolution Mass Spectra and Nuclear
Magnetic Reconance', J. Am. Chem. foc., 91, 7hho (1909). (Co-Author).

"Heuristic DENDRAL: A Program for Generating lixplanastory llypoLheses in
Organic Chemistry", in Machine Intelligence L, Edinburgh University Press,
1969. (Co-Author).

"Toward an Understanding of Information Processes of Scientific Inferernce
in the Context of Organic Chemistry", in Machine Intelligence 5, Edinburgh
University Press, 1970. {Co-Author).

"A Heuristic Program for Solving a Scientific Inference Problem: Summary
of Motivation and Implementation", Stanford Artificial Intelligence Project
Memo No. 10L, Wovember 1969. (Co-Author).

“"Applications of Artificial Intelligence For Chemical Inference IV. Saturated
Amines Diagnosed by Their Low Resolution Mass Spectra and Nuclear Magnetic
Resonance Spectra', Journal of the American Chemical Society, 92, 6831 (1970).
(Co=Author).

"Applications of Artificial Intelligence for Chemical Inference V. An
Approach to the Computer Generation of Cyclic Structures. Differentiation
Between All the Possible Isomeric Ketones of Composition C6H100", Organic
Mass Spectrometry, 4, 493 (1970). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference VI. Avproach
to a General Method of Interpreting Low Resolution Mass Spectra with a
Computer", Chem. Acta Helvetica, 53, 139k {1970). (Co-Author).

"On Generality and Problem Solving: A Case Study Using the DENDRAL Program",
in Machine Intelligence 6, Edinburgh University Press (1971). (Co-Author).

"A Heuristic Programming Study of Theory Formation in Science", in proceedings
of the Second International Joint Conference on Artificial Intelligence,
Imperial College, London (September 1971). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference VIII. An
Approach to the Computer Interpretation of the High Resolution Mass Spectra
of Complex Molecules. Structure Elucidation of Estrogenic Steroids",
Journal of the American Chemical Society, 94, 5962-5971 (1972). (Co-Author).

"Heuristic Theory Formation: Data Interpretation and Rule Formation'", in
Mechine Intelligence 7, Edinburgh University Press (1972). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference X. Datsum.
A Data Interpretation Program as Applied to the Collected Mass Spectra of
Estrogenic Steroids", to be submitted. (Co-Author).



SECTION |l — PRIVILEGED COMMUNICATION

BIOGRAPHICAL SKETCH

{Give the following information for all professional personnel listed on page 3, beginning with the Principal Investigator.
Use continuation pages and follow the same general format for each person,}

NAME TITLE BIRTHDATE (Mo., Day, Yr.)
Buchanan, Bruce G. Research Computer Scientist T-T-40
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY {If non-U.S. citizen, SEX
indicate kind of visa and expiration date)
St. Louis, Missouri U.S.Citizen .
) Mate ("] Female

EDUCATION {Begin with baccalaureate training and include postdoctoral)

YEAR SCIENTIFIC
INSTITUTION AND LOCATION DEGREE CONFERRED FIELD
Ohio Wesleyan University B.A. 1961 Mathematics
Michigan State University M.A., Ph.D.| 1966 Philosophy

HONORS v

Recipient of National Institutes of Health Career Development Award (1971-1976)

Invited Speaker at 1972 National Institutes of Health Symposium on Numerical Methods i
Chemistry (Washington)

MAJOR RESEARCH INTEREST . ROLE IN PROPOSED PROJECT

Associate Investigator

RESEARCH SUPPORT (See instructions)

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list training and experience relevant to area of project List all
or most representative publications, Do not exceed 3 pages for each individual,)

1972~present Research Computer Scientist, Stanford University

1966-1971 Research Associate, Stanford Artificial Intelligence Project

Publications:
"On the Design of Inductive Systems: Some Philosophical Problems". British Journal
for the Philosophy of Science 20 (1969), 311-323. (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference II. Interpretation
of Low Resolution Mass Spectra of Ketones". Journal of the American Chemical Society,
91, 2977-2981 (1969). (Co-~Author).

"Applications of Artificial Intelligence for Chemical Inference I. The Number of
Possible Organic Compounds: Acyclic Structures Containing C, H, O and N". Journal
of the American Chemical Society, 91, 2973-2976 (1969). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference III. Aliphatic
Ethers Diagnosed by Their Low Resolution Mass Spectra and NMR Data". Journal of the
American Chemical Society, 91, Tuko-45 (1969). (Co-Author).

"Heuristic DENDRAL: A Program for Generating Explanatory Hypotheses in Organic
Chemistry". Machine Intelligence U4, Edinburgh University Press (1969). (Co-Author).
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Publications of Bruce Buchanan:

"Toward an Understanding of Information Processes of Scientific Inference in the
Context of Organic Chemistry". Machine Intelligence 5, Edinburgh University
Press (1969). (Co-Author).

"On Generaiity and Problem Solving: A Case Study Using the DENDRAL Program'.
Machine Intelligence 6, Edinburgh University Press (1969). (Co-Author).
"Seme Speculation About Artificial Intelligence and Legal Reasoning". Stanford
Law Review, Vol. 23, No. 1, November 1970. (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference VI. Approach t-
a General Method of Interpreting Low Resolution Mass Spectra with a Computer”.
Chemica Acta Helvetieca, 53, 139k (1970). (Co-Author).

"An Application of Artificial Intelligence to the Interpretation of Mass Spectra'.
Mass Spectrometry Techniques and Appliances (1970).

"Applications of Artificial Intelligence for Chemical Inference IV. Saturated
Amines Diagnosed by Their Low Resolution Mass Spectra and Nuclear Magnetic Resonance
Spectra’. Journal of the American Chemical Society, 93, 6831 (1970). (Co-Author).

"The Heuristic DENDRAL Program for Explaining Empirical Data''. Proceedings of
IFIP Congress 1971, Ljubljana, Yugoslavia. (Co-Author).

"A Heuristic Programming Study of Theory Formation in Science". Proceedings of
Second International Joint Conference on Artificial Intelligence, Imperial College,
London (1971). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference VIII. An Approach
to the Computer Interpretation of the High Resolution Mass Spectra of Complex
Molecules. Structure Elucidation of Estrogenic Steroids". Journal of the American
Chemical Society, 1972. (Co-Author).

"Heuristic Theory Formation: Data Interpretation and Rule Formation". Machine
Intelligence 7, Edinburgh University Press (1972). (Co-Author).

"Review of Hubert Dreyfus' 'What Computers Can't Do: A Critique of Artificial
Reason'", Computing Reviews (January, 1973).

"Applications of Artificial Intelligence for Chemical Inference IX. Analysis of
Mixtures Without Prior Separation as Illustrated for Estrogens". Submitted to the
Journal of the American Chemical Society. (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference X. Datsum. A Datsa
Interpretation Program as Applied to the Collected Mass Spectra of Estrogenic
Steroids". To be submitted. (Co-—-Author).

Memberships
Association for Computing Machinery (ACM)
Philosophy of Science Association
American Association for Advancement of Science (AAAS)



IR : cl s - Gl wies

Llecantioi o S S an o Gy it o wim o ompral farmat for ea..h cerson 1

NANE TITLE , BUATSOATE Jor 2 s ae
Alan M, DUFFIELD Rescarch Associate Decehter 261535
PLACE OF BIRTH (City, State, Countryl PRESENT NATIONALITY {If non-U.S citizen, EX
indicate kind of visa and expiration date)
Perth, Western Australisa . Australian, Perrmanent resident
Tomiprons Viza T3 Male T Famy s
EDUCATION (59 s tn Daccalaureate trainisy gnd include pa.idociara)
YEAR SCIENTIFIC
INSTITUTION AND LOCATION
oL OEGREE CONFERRED FiZLD
University of Western Australia B. Sc(lst CHnss B
: Hons) 1958 Organic Chezistry
University of Western Australia Ph.D. 1962 Organlc Chezsitry
HONORS .
L
MAJOR RESEARCH INTEREST ROLT IN PROPOSED PROJECT
Applications of mass spectrcmetry to Organic Ceemist/mass spectroscopist
Piology and Biomedical Problems

RESEARCH SUPPORT (See iastructions)
N/A

RESEARCH A% O/0R PRCFESSI ONAL EXPERIZINCE (Startirg with present cosition, ist 1raining and eXperience reievant (0 area of pr,ect wiif 4
Or most represencauve pudacatians, 0o not exceed 3 pages for each individual.)

. I PR P

1970 - Research Associate, Departiment of Genetics, Stanford University
School of Medieins

1969 - Head of the lMass Spectrometry Laboratory, Chemistry Department
Stanford Universivy .

1965 - 69 Zecearch Ascociate, Department of CHeﬁ;stry. Stanford University

1963 - 65 Postidoctoral Fellow, Department of Chemistry, Stantord University

1962 - 63 Postdoctoral Fellow, Department of Biochemistry. Stanford Umversny
. School ol Medicine.

PUBLICATIONS SINCE 1971
' i f Mass Spectra.
1. olication of Artificial Intelligence to the Interpretation of
An A&os‘s Spectrometry, B. W G. Milne, Ed., John Wiley and Sons,

York, 1971, po. 121-178
lB\i'e\g. é: "chhcnch\)? A. M. Duffield and A. V. Robertson

ST
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10,

11,

12,

Mass Spectrometry in Structural ard Stereochemical Problems. CCIV. Zpezirz
of Hydantoins.II. Electron Impact Induced Fragmentation of some Substituted
Hydantoins.

Org. Mass Spectr., 5, 551 (1971)
By R. A. Corral, 0. 0. Orazi, A. M. Duffield and C. Djerassi

Electron Impact Induced Hydrogen Scrambling in Cyclohexancl and Isomeric
Methylcyclohexanols.

Org. Mass Spectr., 5, 383 (1971)

By R. H. Shapiro, S. P. Levine and A. M. Duffield

Derivatives of 2-Biphenylcarboxylic Acid.
Rev. Roumain. Chem., 16, 1095 (1971)
By A. T. Balaban and A. M. Duffield

Alkalcide aus Evonymus europaea L.
Helv. Chim. Acta, Sk, 21u4 (1971)
By A. Kldsek, T. Reichstein, A. M. Duffield and F. Santavy

Studies on Indian Medicinal Plarts. XXVIII. Sesquiterpene Lactones cf
Enhyurz Fluctuans Lour. Structures of Enhydrin, Fluctuanin and Fluctuadin.
Tetrahedron, 2§ 228% (1472).
By E. Ali, P. P, Ghosh Dastidar, S. C. Pakrashi, L. J. Durham
and A. M. Duffield

The Electron Impact Promoted Fragmentation of Aurcne Epoxides.
Orz. Mass Spectr. &, 199 (1972)

By B. A. Brady, W. I. 0'Sullivan and A. M. Duffield

The Determination of Cyclchexylamine in Aqueous Solutions of Sodium Cyclarate
by Electron Capture Gas Chromategraphy.

Anal. Letters, 4, 301 (1971)

By M. D. Soloman, W. E. Pereira and A. M. Duffield

Computer Reccgnition of Metastable Ions. Nineteenth Annual Cecnference o
Mass Spectrometry, Atlanta, 1971, p. 63 o
By A. M. Duffield, W. E. Reynolds, D. A. Anderson, R. A. Stillman, . r.
and C. E. Carroll

Spectrometrie de Masse. VI. Fragmentation de Dimethyl-2,2-dioxoclanes-1,2-
Insatures.

Org. Mass Spectr., 5, 1409 (1971)

By J. Kossanyi, J. Chuche and A. M. Duffield

Chlorpromazine Metabolism in Sheep. II. In vitro Metabolism and Preparaticn
of 3H-7-Hydroxychlcrpromazine.

Journees D'Agressologie, 12 , 333 (1371])

By L. G. Brooks, M. A. Holmes, I. S. Forrest, V. A. Bacon,

A. M. Duffield and M. D. Solocmon

Mass Spectrometry in Structural and Stereochemical Problems. CCXVII.
Electron Impact Promoted Fragmentation of O-Methyl Oximes of Some
a,B8-Unsaturated Ketones and Methyl Substituted Cyclohexanones.
Canadiaa J. Chem., 50, 2778 (1972)
By Y. M. Sheikh, R. J. Liedtke, A. M. Duffield and C. Djerassi
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TUSR CONtiNUINON T 303 Iy T gemae generafformar lfor gach person.)
NAME TITLE BIRTHDATE (o, Cav, vr)
Wilfred E, PEREIRA Research Associate June 23 163§
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (/f non-U.S citizen, SEX
indicate kind of visa and expiration q’are}
Mad S. Indi Indian, Permanent Resident
adras, S, India Irmisrant Visa GlMale T Famsa

EDUCATION (Benin with baccalaureate training and include postdoctorat)

] SCIENTIF|
INSTITUTION AND LOCATION DEGREE CONFERRED fEn
Madras Medical College, Madras, India | B, Pharm 1960 Pharmaceutical Crermistry
Saugar Univ, Madhya Pradesh, India M. Pharm 1962 Pharm. Chem & Cher of Natu:
U.C. Med. Center, San Francisco, Calif | Ph.D. 1968 Pharm. Chem & Pharrmazolocsy
HONORS -
MAJOR RESEARCH INTEREST ROL™ IN PROPOSED PROJECT
Identification of Metabolites & drug
metabolites in Biological fluids Organic chemist

RESEARCH SUPPORT (See instructions)

RESEARCH AND CR PROFESSIONAL EXPERIENCE iStarting witr orasent position, list training and experience rel2vant to area of project List i
ar magsg representative putiications, Do not exceed 3 pages for each individual.) :

o - 1097 Fost Coctoral Fellow, Cept, of Genetics Stanford University Med. School
1970 ~ present Research Associate same institution 7
During these four years I have been involved with peptide synthesis, amino acid analysis
and synthetic organic chemistry. I helped develop methods for the separation of
diastericisomers by gas chromatography and have been involved with the routine use of
gas chromatography mass spectrometry for the identification of urinary metabolites in normal
and rathological urine and serum samples, My applications of mass spectrometry have
ircluded ths deveclirment of mass fragmentography for the determination of the amino acid
contents of soil and pixsmaxx serum., My present project involves the screening of urine
from leukemic patients for abnormal metabolites and to investigate the metabolic fate of
anti-leukemic chemotheropeutic agents in the body.

PUBLICATICNS

1. Transesterification with an Anion-exchange Resinj
W, Pereira, V., Close, W, Patton and B. Halpern,

J. Org. Chem. 34:2032 (1969).

2. Alcoholysis of the Merrifield-type Peptide-polymer Bond with an Anion

Exchange Resinj
W. Pereira, V. A. Close, E, Jellum, W, Patton and B. Halpern,

Australian J. of Chem, 22:1337 (1969).
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Publlcatlons

13.

14,

15.

ls6.

17.

18.

19,

20,

Thermal Fragmentation of Quinoline and Isoquinoline N-Oxides in the Ion
Source of a Mass Spectrometer.

Acta Chem. Scand., 26, 2423 (1972).

By A. M. Duffield and 0. Buchardt

Applications of Artificial Intelligence for Chemical Inference. VII. in
Approach to the Computer Interpretation of the High Resolution Mass Spzcira
of Complex Molecules. Structure Elucidation of Estrogenic Steroids.

J. Amer. Chem. Soc., 94, 53962 (13972)

By D. H. Smith, B. G. Buchanan, R. S. Englemore, A. M. Duffield,

A. Yeo, E. A. Feigenbaum, J. Lederberg and C. Djerassi

Mass Spectrometry in Structural and Stereochemical Prcblems. CCXIX.
Identification of a Unidirectional Quadruple Hydrogen Transfer Process
in 7-Phenyl-hept-3-en-2-one O-Methyl Oxime Ether.

Org. Mass Spectr., 6,1271 (1972).

By R. J. Liedtke, Y. M. Sheikh, A. M. Duffield and C. Djerassi

An Automated Gas Chromatographic Analysis of Phenylalanine in Serun.
Clinical Biochem., 5, 166 (1972) |
By E. Steed, W. Persira, B. Halpern, M. D. Soleomcn znd

A. M. Duffield

Pyrrolizidine Alkaloids. XIX. Structure of the Alkaloid Erucifoline.
Coll. Czech. Chem. Ccmmun., (1972) .
By P. Sedmera, A. Klasek, A. 4, Duffield and F. Santavy.

Mass Spectrometry in Structural arnd Stereochemical Prcblems, CCHXIT,

Delineation of Ccmpeting Fragmentation Pathways of Comolex Mol

from a Study of Metastable Ion Transitions nf Deuterated Zerliv
Org. Mass Spectr., 7, (1973)

By D. H. Smith, A. 4. Duffield and C. Djerassi

-2

Chlorination Studies I. The Reaction of Aqueous @yﬁochlorous Acid with

Cytosine.
Biochem. Biophys. Res. Commun., 48, 880 (1972)
By W. Patten, V. Baccn, A. M. Duffield, B. Halpern, Y. Hoyano, ¥.

Pereira and J. Lederberg

A Study of the Electron Impact Fragmentation of Promazine Sulphcxide
and Promazine using Specificallv Deuterated Analogues.

Austral. J. Chem., 26, (1973). _
By M. D. Solcmon, R. Summons, W. Pereira and A. M. Duffield

Spectrometric de Masse. VIII. Elimination d'eau Induite par Impact
Electronique dans le Tetrhydro-1,2,3,4-naphtalenediol-1,2.
Org. Mass. Spectrom., 7 (1973).
By P. Perros, J. P. Morizui, J. Kossanyi and A. M, Duffield

The Determination of Phenylalanine in Serum by Mass Fragmentography

Clinical Biochem., submitted for publication (1973).
By W, E. Pereira, V. A. Bacon, Y. Hoyano, R. Summons and A. M. Duffield



3.

L,

Se

6.

70

9.

10,

The Action of Nitrosyl Chioride on Iaenylalanine Peptides;
W, Patton, E, Jellum, D, lNitecki, W. Pereira and B, Halpern,
Australian J. of Chem. 22:2709 (1969).

Abnormal Circular Dichroism of o4 -Amino Acid Esters;
Js Cymerman Craig and W. E. Pereira,
Tet, Let. 18:1563 (1970).

The Use of (+)-2,22-Trifluoro-l-Phenylethylhydrazine in the Optical
Analysis of Asymmetric Ketones by Gas Chromatography;

W. E. Pereira, M, Solomon and B. Halpern,

Australian J. of Chem.24:1103 (1971).

The Microsomal Oxygenation of Ethyl Benzene. Isotopic, Sterecchemical,

and Induction Studies;
R. E, McMehon, H. R. Sulliven, J. Cymerman Craig and W, E, Pereira,
Arch. Biochem. Biophys. 132:575 (1969).

The Steric Analysis of Aliphatic Amines with Two Asymmetric Centers
by Gas-liquid Chromatography of Diastereoisomeric Amides,

W. E. Pereira and B, Halpern,

Australian J. Chem. 25:667 (1972).

Optical Rotatory Dispersion and Absolute Comfiguration -XVII,
ol «Alkylphenylacetic Acids;

J. Cymerman Craig, W, E. Pereira, B, Halpern and J, W, Westley,
Tetrahedron 27:1173 (1971),

The Optical Rotary Dispersion and Cire dar Dichroism of ol-Amino and
A =-Hydroxy Acids;

J. Cymerman Craig and W. E., Pereira

Tetrahedron 26:3457 (1970) .

The Determination of Cyclohexylamine in Agqueous Solutions of Sodium
Cyclamate by Electron-capture Gas Chromatography;

M, D. Solomon, W, E, Pereira and A, M, Duffield,

Anal, Let, b4:301 (1971).



Publications continued=

11,

12,

13.

1L,

15.

16.

17.

18.

19,

20,

Chlorination Studies. I. The Reaction of Aqueous Hypochlorous Acid
with Cytosine; L ..a

W, Patton, V. Brown, A. M. Duffield, B, Halpern, Y. Hoyano, W, Pereira
and J. Lederbverg,

Biochem. Biophys. Res. Commun, 48:880 (1972).

The Use of R=(+)-1-Phenylethylisocyanate in the Optical Analysis of
Asymmetric Secondary Alcohols by Gas Chromatography;

W, Pereira, V, A, Bacon, W, Patton, B, Halpern, and G. E, Pollock,
Anal, Let, 3:23 (1970).

A Rapid and Quantitative Gas Chromatographic Analysis for Phenylalanine
in Serum;

B. Halpern, W, E. Pereira, M. D, Solomon and E, Steed,

Anal, Biochem. 39:156 (1971).

Electron-impact Promoted Fragmentation of Alkyl-N-(l-Phenylethyl)-
Carbamates ©f Primary, Secondary and Tertiary Alcchols;

W. E, Pereira, B, Halpern, M. D. Solcmon and A. M, Duffield,

Org. Mass Spectrometry 5:157 (197).

Peptide Sequencing by Low Resolution Mass Spectrometry;
VY. Bacon, E. Jellum, W, Patton, W. Pereira and B. Halpern,
Biochem. Biophys. Res, Commun. 37:878 (1969).

A Gas Liquid Chromatographic Method for the Determination of Phenylalanine
in Serum;

E, Jellum, V., A, Close, W, Patton, W, Pereira and B, Halpern,

Anal, Biochem. 31:227 (1969)

Quantitative Determination of Biologically Important Thiols and
Disulfides by Gas Liquid Chromatography;

E., Jellum, W, Patton, V. A, Bacon, W. E, Pereira and B, Halpern,
Anael. Biochem. 31:339 (1969). .
A Study of the Electron Impact-promoted Fragmentation of Promazine
Sulfoxide and Prormazine Using Specifically Deuterated Analogues;
M, D. Solomen, R, Summons, W, Pereira and A. M, Duffield,
Australian J., Chem. (1973, in press).

The Determination of Phenylalanine in Serum by Mass Fragmentography;
W. Pereira, V. A, Bacon, Y. Hoyano, R. Summons and A. M, Duffield,
Clin., Biochem. (In press)

Chlorination Studies II, The Reaction of Aqueous Hypochlorous Acid
with X~-Amino Acids and Dipeptides;

W. E, Pereira, Y. Hoyano, R, Summons, V. A. Bacon and A, M, Duffield,
Biochem.et Biophys. Acta (In press),



BIOGRAMAICAL SKETCH

{Give the foilowing informatian for 8!l profizsional sursens of listed on poga 3, boginning with the Principal {nvestigstor.
Usa continusation poages ard fcriow tho samae general format for eoch person. )
NANME NITLE BIRTHOATE (Mo, Dsy, Yr.)
Thomas C. Rindfleisch Research Associate 12-10-41
PLACE OF BIRTH (City, State, Countryl PRESENT NATIONALITY (If non-U.& citizen, SEX -

Oshkosh, Wisconsin, USA

USA

indicate kind of visa and expirstion date)

[ﬁMale T Fermun

EDUCATION [Begin with baccalaurvate training end include postdoctoral)

YEAR SCIENTIFIC
INSTITUTION ANOD LOCATION DEGREE CONFERRED FIELD
Purdue University, Lafayette, Ind. B.S 1962 Physics
Czlifornia Ingtitute of Technology, M.S 1965 Physics
Pasadena, CA Ph.D Thesis to bd completed., All
course work land examinations
completed.

HONORS

Purdue University, Graduated with Highest Honors, Sigma

X1,

FAJOR RESEARCH INTEREST
Space sciencee, computer science and
image processing :

ROLE IN PROPOSED PRQUJECT

Technical Support

HESEARCH SUPPGRT (Sow instruc ont)

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with prasent position, [i5t training and expariance relevant to arwa of pro;oct Lirt &1

Or maat represantative publicationt, Do not exceod 3 pagos for esch

individ.al,}

1971-Present Stanford University Medical School, Department of Genetics,

Stanford, CA.

Research Associate -~ Massg Spectrometry, Instrumentation research.
1962-1971 Jet Propulsion Laboratory, California Institute of Technology,

Pasadena, CA.
Relevant Experilence:

1969-1971: Supecrvisor of Imaze Processing Developument and
Applications Group.
1968-1969: Mariner Mars 1969 Cognizant Engineer for Image

Processing

1962-1968: Engineer - design and implement image processing
computer software.

1. Rindfleisch, T. and Willingham, D., "A Figure of Merit Measuring Picture
Resolution," JPL Technical Report 32-666, September 1, 1965.

2, Rindfleisch, T. and Willingh&m, D., "A Figure of Merit Measuring Picture
Regolution," Advances in Electronics and Electron Physics, Volume 224,
Photo~Electvonic Iwage Devices, Academic Press, 1966,

HESd

~



Thomas C. Rindfleisch
PUBLICATIONS (cont'd)

3.

8.

9.

Rindfleisch, T., "A Photometric Method for Deriving Lunar Topographic
Information," JPL Technical Report 32-786, September 15, 19465,

Rindfleisch, T., "Photometric Method for Lunar Topography, Photo-
grammetric Engineering, March 1966,

Rindfleisch, T., "Generalizations and Limitations of Photoclinometry,"
JPL Space Science Surmary Volume III, 1967.

Rindfledisch, T., "The Digital Removal of Noise from Imagery," JPL Space
Science Summary 37-62 Volurme III, 1970.

Rindfleisch, T., "Digital ImAge Processing for the Rectification of
Television Camera Distortions," Astronomical Use of Television-Type
Image Sensors, NASA Special Publication SP-25%, 1971,

Rindfleisch, T., Dunne, J., Frieden, H., Stromberg, W., and Ruiz, R,,
“Digital Processing of the Mariner 6 and 7 Pictures," Journal of
Geophysical Research, Voluzme 76, Number 2, January 1971,

Rindfleisch, T., "Digital Image Processing,” To be published, IEEE
Special Issue, July 1972.



SECTICN 1 — PRIVILEGED COMMUNICATION
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{Give the following information for all professional personnel listed on page 3, beginning with the Principal Investigator.
Use continuation pages and follow the same general format for each person.)

NAME TITLE BIRTHDATE (Mo., Day, Yr.)

Dennis H. Smith Research Associate 11/12/42
PLACE OF BIRTH (City, State, Country} PRESENT NATIONALITY (If non-U.8& citizen, SEX

indicate kind of visa and expiration date)
New York USA 2&1 Male [ Female
EDUCATION (Begin with baccalaureate training and include postdoctoral)
YEAR SCIENTIFIC
INSTITUTION AND LOCATION DEGREE CONFERRED FIELD

Massachusetts Inst. of Technology

Cambridge, Mass. S.B. 1964 Chemistry
University of California, Berkeley

Berkeley, California Ph.D. 1967 Chemistry
HONORS
Alfred P. Sloan Foundation Scholarship
NASA Predoctoral Traineeship
Phi Lambda Upsilon, Sigma Xi
MAJOR RESEARCH INTEREST ROLE IN PROPOSED PROJECT

M Spectrome and A.I. in Chemistr .

ass »p try . Y Research Associate

RESEARCH SUPPORT (See instructions)
N/A

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list training and experience relevant to area of project, List all
or maost representative publications, Do not exceed 3 pages for each individual.}
1971~Present Research Associate, Stanford University, Stanford,Ca.

1970-1971 Visiting Scientist, University of Bristol, Bristol, England
1967-1970 Assistant Research Chemist, University of Calif.at Berkeley, Berkeley, Ca.
1965-1967 NASA Pre-Doctoral Traineeship, University of Calif.at Berkeley,Berkeley, Ca,

Publications: See attached list.
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Continuation page

1.

10.

11.

12.

13.

Publications:

H. G. Langer, R. S. Gohlke, and D. H. Smith, '"Mass Spectrometric Differential
Thermal Analysis," Anal. Chem., 37, 433 (1965).

S. M. Kupchan, J. M. Cassady, J. E. Kelsey, H. K. Schnoes, D. H. Smith, and

A. L. Burlingame, "Structural Elucidation and High Resolution Mass Spectrometry
of Gaillardin, a New Cytotoxic Sesquiterpene Lactone," J. Amer. Chem. Soc.

88, 5292 (1966).

D. H. Smith, Ph.D. Thesis, '"High Resolution Mass Spectrometry: Techniques and
Applications to Molecular Structure Problems," Dept. of Chemistry, University
of California, Berkeley, California (1967).

H. K. Schnoes, D. H. Smith, A. L. Burlingame, P. W, Jeffs, and W. Ddpke,
""Mass Spectra of Amaryllidaceae Alkaloids: The Lycorenine Series,' Tetrahedron,
24, 2825 (1968).

A, L. Burlingame, D. H, Smith, and R. W, Olsen, '"High Resolution Mass
Spectrometry in Molecular Structure Studies, XIV. Real-time Data Acquisition,
Processing and Display of High Resolution Mass Spectral Data,' Anal. Chem.,
40, 13 (1968).

A. L. Burlingame and D. H. Smith, "High Resolution Mass Spectrometry in
Molecular Structure Studies II. Automated Heteroatomic Plotting as an Aid

to the Presentation and Interpretaiton of High Resolution Mass Spectra Data,"
Tetrahedron, 24, 5749 (1968).

W. J. Richter, B. R. Simoneit, D. H. Smith, and A. L. Burlingame, 'Detection and
Identification of Oxocarboxylic and Dicarboxylic Acids in Complex Mixtures bv
Reductive Silylation and Computer-Aided Analysis of High Resolution Mass Spectral
Data,'" Anal. Chem., 41, 1392 (1969).

The Lunar Sample Preliminary Examination Team, '"Preliminary Examination of
Lunar Samples from Apollo 11," Science, 165, 1211 (1969).

S. M. Kupchan, W. K. Anderson, P. Bollinger, R. W. Doskotch, R. M. Smith, J. A.
Saenz Renauld, H. K. Schnoes, A. L. Burlingame, and D. H. Smith, “Tumor
Inhibitors, XXXIX. Active Principles of Acnistus arborescens. Isolation and
Structural and Spectral Studies of Withaferin A and Withacnistin," J. Org.
Chem,, 34, 3858 (1969).

A. L. Burlingame, D, H. Smith, T. O. Merren, and R. W. Olsen, '"Real-time High
Resolution Mass Spectrometry," in Computers in Analytical Chemistry (Vol. 4 in
Progress in Analytical Chemistry series), C. H. Orr and J. Norris, Eds., Plenum
Press, New York, 1970, pp. 17-38.

The Lunar Sample Preliminary Examination Team, "Preliminary Examination of Lunar
Samples from Apollo 12," Science, 167, 1325 (1970).

D. H. Smith, R. W. Olsen, F. C. Walls, and A. L. Burlingame, "Real-Time Mass
Spectrometry: LOGOS--A Generalized Mass Spectrometry Computer System for High
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