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I. INTEODUCTION

This ren2wal application is intended t5 sustain and augment the
capabilities of the mass spectrometry (MS) program which has
served as a mrajor institutional resource at Stanford for some
years, With previous support from NASA and NSF it has made
pr>ssible a highly irterdisciplinary set of research projects
rangirg ovar: artificial intelligence (ATI) in biomolecular
shiracterization, natural product chemistry, clinical biochemical
stndies on steroids, and the mpachanisms of molecular fragment
Formation in mass spectrometry. While the facility equipment for
mass spectrometry has bheen funied mostly by other agencies,
connected research programs embrace several NIY research projects
iz wa2ll. Tn addition, this activity was closely coupled with the
ACME M=21ical School computer resource (1966-1973) and will have
similar associations with the new AIM-SUMEX computer resource
re=~2ntly finded by the BRRB (see Section T1.7).

Previous support reflects the diversified facets of this
irterdiscinplinary research. ©NASA has supported projects in new
iastruneatation, including the initial mass spectrometer-computer
link, NSF has supported chemical ressearch, and ARPA has supported
sur artifizial intelligence research and initial application to
mass spectrometry. Overall cuthacks have forced NASA to reduce
fFuading for this area of research despite their interest. Under
ARPA support to Drs. Feigerbaum and Lederberg for AI research, the
DENDRAL program became recognized as one of the most successful AI
applications programs. However, ARPA is chartered to fund
frontisr zomputer science research and no longer provides funds
for ths DENDRAL applications programs. ARPA has indicated a
relnzctance to continue funding to this groun for the theory
formation work in chemistry, although we expect to continue to
receiva ARPA support for more theoretical aspects of our research
srsaram (e.9., automatic programming).

We previously submitted a comprehensive proposal to the NIH
{(RR-00785, 3/28/73) which included an application for the
ATY-SUMEX computing resource and a renawal of the existing DENDRAL
jrant {RR-00612). This proposal was approved for 5 years by the
National Advisory Research Resources Council. Certain
reservations were, however, communicata23 to us: they concerned
aspecially what we must agree was an anbitious effort to close the
saptrol loop for "intelligent automation” whose costs overreached
the immediate u*tility of the expected result. During subseguent
Jiscussions with the Biotechnoslogy Resources Branch, taking into
acconrt the council review arnd a number of diverse policy issues,
we ajreed administratively to segment the two components of the
sriginal proposal. The ATM-SUMEX portion of the original proposal
{excluding DENDRAL) was recently fanded for 5 years as a national
resource far artificial intelligence in medicine. The present
proponsal for resource-related research in biomolecular
characterization and artificial intelligence is an elaboration of
th= DENDRAL portion incorporating intensive reexamination and
ravision of the previous proposal.

#ith the differsantiation of priorities represented by AIM-SUKEX,



tha 5S2netizs Research Center (32C), and continuing work on
artificial intelligernce under Dr. Feigenbaum's leadership, the
sraseat renewal application places more emphasis than heretofore
>n r=2al-world oriented applications. Corr=sspondingly, we have
agreel that it is now more appropriate that Dr. Djerassi should be
Aesignated as Principal Investigator in this phase of our work.

1s noutlined in section B.2, the interests and responsibilities of
drofassors Dijerassi {Chemistry), Feigenbaum (Computer Science) and
re2derberg {Genetics) have been closely interdigitated. With their
faurther connections with many colleagques, these programs enjoy a
high Aeqre= of university-wide participation. For exanmple, the
sanatics Department is also closely affiliated with Biology,
Bischemis*ry, Pediatrics, Psychiatry and Medicine through joint

ippointments or joint research projects or both.

This breadth

would he difficult to obtain except at a few institutions where
ths medizal school is both academically and geographically
inteqratad with the university to the degree that characterizes
the Stanford University environment.

GLOSSARY OF ABBREVIATIONS

ACMFE Advanced Computer for Medical Research {Nih-funded computer
resource, 1968-1973)

AT artificial intelligence

ATM-STMEY- A comprehensive computer resource intended to serve
the natinnal requirement for artificial intelligence
in medicine. This will be implemented at the Stanford
Univarsity facility called AIM-SUMEX

ARDA Advanced Research Projects Agency of the Department of
Defense.

3r3 Biotechnology Rescurces Branch

13ZMR carbhon-12 magnretic resonance

5C gas chromatography or gas chromatoqraph

3RC Gepetics Research Center ({Stanford, J. Lederberg,
Principal Investigator; NIGMS-approved and
awaiting funding. Grant #P01-GM 20832-01)

HR¥S high resolution mass spectrometry

TR infra-red

IRL ITnstrumentation Research Laboratory
{stanford Genetics Department)

LRvs low resolation mass spectrometry

vCh magnetic circular dichroisnm

M3 Mass spectrome*ry or mass spectrometer

VASA National Aeronautics & Space Administration

NMD nuclear magnetic resonance

NSP National Science Foandation

JRD optizal rotatory dispersion

DL/ACHE a modified version of the PL-1 computer language (for the
Stanford ACME computer facility)

apgvay stanford University Medical Experimental Computer Resource
(NIH funied computer resosurce, 1973-1978)

TV ultra-violet
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A. OBJECTIVES:

Core Re2search.
The funds now applied for would permit

1y the continued funding of the MS laboratory as a biomolecular
~hara-*erization resource;

7}y advancament of laboratory instrumentation capability in
spacific areas of GC-HRMS and the exploitation of metastable peak
1ralysis.

1) tha further development of AI computer techniques to match the
instrunentation. This work will emphasize practical utilization
for applicitions in biomolecular characterization connected with
nther on-going hiomedical research programs. It will include, for
axaapla, a) the analysis of mixtures by GC/MS; b) metastable peak
analysis for difficult problems of pure compounds and of mixtures
not realily separabhle by GC; c) nptimized data analysis for
characterization of 4S5 peaks and d) heuristic analysis of spectra
f>r th> molecular ion composition.

7ur proij2ct is the only systematic effort, to our knowledge,
currently undervway in this country for computer assisted structure
slicidation. Subseguent to our early publications, an intensive
proaram has been mounted in Japan in similar areas. This
situatior may be contrasted with computer assisted orgarnic
synthasis, an area receiving considerable attention from several
research groups. These capabilities can be beneficially provided
to a wider community via the ATM-SUMEX resource. Besearch on the
amulation of human intellect by computaer programs will undoubtedly
influaznce the efficiency with which chemical research can be
ipplied to5 ever more conmplex problems of health, e.qg.,
intermediarv metabolism and its pathologies; environmental
influsnz2s on health; the development and critical validation of
new therapesutic agents.

The achiszvament of thesz objectives depends on the continued
naintenarce anrd development of the DENDRAL AT programming system
{s2e baldow). The advent of tha ATM-SUMEX facility will remove
some nof the serious computational limits on the exercise of this
system +that have delayed recent progress.

riucation.,.

In our nuniversity setting, pre-doctoral and post-doctoral
adncation of course constitutes a part of our mission. As far as
is practically possible, research participation in the DENDRAL
program has been couplel with dissertation work by graduate
stud=ants and post-doctoral research experience respectively.
Examplas of people (ard their research area) vwhose education has
been enhanz2d in this way are the following:

3radnate Students: J. Simek, pedagogical aspects of the straucture
qenerator:; Wai Lee Tan, synthesis of new estrogen compounds; H.
rqqert, 13°MR of amines and stz2roidal ketones; C. Van Antwerp,
13CYR of steroidal alcohols; C. Farrell, theory formation from
rass spectral data: L. Masinter, development of the structure
yenarator; M. Stefik, AT applications to chemistry.
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Pastdnctoral Fellows: G. Dromey, theory formation from analytical
iata: R. Gritter, mass spectral fragmentation of hiologically
active steroids; RB. Carhart, analysis of 13CMR spectra by
DENDRAL-like programs; S. Harmerum, development of better
fragmentation rules for progesterones.

Formil organization.

"his project has besern a long-term commitment of Dierassi,
Lederberg and Feigenbaum functioning in effect as
~o-investigators. We coordinate our activities with day-to-day
zontacts ia the pursuit of convergent research objectives. 1In the
1ight of +the extension of our zollaborativa activity during the
last t4o y2ars, we are now organizing a formal advisory group to
iaclude, in addition to ourselves, H, Cann, J. Barchas, and E. Van
Tamelen., This group will advise the principal investigators on
the 1irection of the program with respect to allocating available
facilities and seeking out and helping other collaborators. This
Jesignation simply recogqnizes the fact that many of our colleaques
have alrsaly be2n engaged in r2lavant collahorative research with
1s. A ™S resource has recently been funded at the University of
Zalifornia/Berkeley, under the direction of Dr. A.L. Burlingame.
Drs. Dierassi and Burlingame have recertly engaged in some
~ollahorative research which was made more siuccessful by the
sharing of facilities ard expertise available at one institution
kut not at the other. We would hope to maintain and strengthen
thes2 contacts to avoid unnecessary duplication of effort.

¥a plan t» discuss with Dr. A.L. Burlingame the most appropriate
prycedures for coordinating the related activities of our
respective programs at the University of California/Berkeley and
hara, This may take the form of r=aciprocal membership in advisory
committees.

Tha "hardware resource" to which this application is pegged has
n32n identified as the MS facility. While these instruments alone
represent an investment of over $%300,000, funded previously by
sevaral agancies, thkey do not represant th2 most iasportant resource.
#e would use this designation instead for the working team led by
the princioal and co-investigators. The skills embraced by this
7rouap inclile, as mentioned, computer science, structural organic
~hemistrv, molecular biology, instrumentation engineering and a
wide range of other disciplines. They are represented not only in
ths princinal professors but in a diversified and accomplished
prafessional research staff (sze Budget Justification). The
progqram for which funds are now reguested is the vital means by
which the interests of this group can be sustained in a
zosriinated effort that would be very costly both in funds and in
tine if it had to be reconstructed from scratch., #®Without the
finanzial support now requested, this line of collaborative
rasearch will have to be abandoned, with it a unique style of
interdisciplirary collahoration, and the MS facility will be
terminated.
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n, BATKGROUND AND RATIONALE
1. The Struactuare ERlucidation Problenm

a) The General Problem. Anralysis of molecular
structure is a major activity in our program of resource related
research. Por the specific task of elucidating molecular
structures, i.e., the topolngy of atom-to-atom connectivities,
analysts utilize a mixture of information derived from chemical
procelures and spectroscopic techniques. Each item of
information, if not rednndant >r uninterpretable, contributes to
the solution of the problem. Chemists draw upon a tremendous body
»f spacific knowledqge about the task area (e.g., clinical
chemistry, biochemistry), molecular structure, spectroscopic
technigques, etc., in order to piece together this information and
infer the structure of molecules. These features, and the
ralative simplicity of the final concept of a structure, make the
prohlem particularly well-suitad for applications of the
tochnigyues of AT to assist research workers performing the task.

h) NDierassi's Laboratory. Professor Dijerassi has been concerned
with structure slucidation problems since the beginning of his
chamical rasearch. His activities at Stanford have been concerned
heiavily with the application of particular spectroscopic
tachniques to structural studiess of bismedically important
=anpourds. These technigues include optical rotatory dispersion
{NRD) and, more recently, magnetic circular dichroism (MCD) (both
>f them supportad iritially by the NIH). Since 1961 he and his
Jroup have also been concerned with MS because of the power of the
tachnique, in terms of specificity and sensitivity, as an
analytical tool for structure elucidation. Four books and
approximately 250 articles on %S have been puhlished by him and
7is znlleajues.

Tha technigque of MS does not suffice for all structure
jatarmination problems, but it is a very powerful tool in areas
where thera exists a body of knowledge about the MS behavior of
related moleculzs. When sample size is limited MS may well be the
anly technique that can be utilized. The recent availability of
high resolution mass spectrometers has mad2 HRMS the techrnique of
chyize for many applications because under ideal conditions the
axact mass number uniguely specifies the the empirical formula of
1 molecule or fragment. On a parallel course, the technique of
357/%S, routinely available with low resolution mass spectrometers
(5C /LRMS), has revolutionized investigations wherever complex
nixtures are encountered. All of the above considerations argue
that an extension of MS at Stanford to provide rouatine GC/LRMS and
3C/HRMS analyses would be the next logical step to assist
r=searchars depending on this facility for soluntions of their
struczture 2lucidation problens.,

2. Historical Background

a) Miss Spectrometry Laboratory. Prior to the existing DENDRAL
yrant, the groundwork was laid for computerization of the existing
mass spactrometers, an Associated Flectrical Industries M5-9 high
resolution mass spectrometer and an Atlas CH-4 low resolution mass
spectroretar., This work, supported primarily by NASA via the
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Tastrumcntation Research laboratory (T2L) in the Department of
Sanetics, resulted in link-up to the then =2xisting ACME computer
facility via a PDP-11 mini-computer which acted as a buffer
betwean the spectrometers and ACME. Initial data acquisition and
redustion programs were written for th=z system arnd utilized on a
limit=d basis. The funding of the DENDRAL proposal, NIH grant
PR-612 (May 1,1971-present) in conjunction with additional
resources providad by the IRL resulted in a major improvement to
thes> capabilities. The fruits of these efforts are described
nnler section IT.B.3 (below).

h) Summary of Farly DENDRAL Development.
In 1964, Lederberq devised a notational algorithm for chemical
strnzturas (termed DENDRAL) that allowsd questions of molecular
structurs to b2 framed in precise graph-th=oretic terms. {(Refs.
1,3-5,12). He 1lso showed how to use the DENDRAL algorithm to
generate complete and irredundant lists of structural isomers.
(Refs., 1,6).

In 1965-66 Lederberqg and Feigenbaum began 2xploring the idea of
using the2 isomer generator in an artificial intelligence program -
searching the space of possible structures for plausible solutions
tn 3 prohlem much as a chess-playing program searches the space of
leqgal moves for the best moves. {Refs., 7,12). This approach
quirints2s that every pnssibhle solition to a problem is considered
- 2ither implicitly, as when whole classes of unstable structures
ars ra2ject=d, or explicitly, as when complate molecules are tested
for plansibility. 1In either case, an investigator easily
jetermines the criteria for rejection and acceptance and knovs
that no possibilities have been forgotten, This approach also
gquaraint=ses that structures appear in the list only once - that
autondrphiz representations of the same complex molecule have not
ha=2n incluled. In both these respects the compnter program has an
1dvantaqge over manual approaches to structure =lucidation.

c) Tnitial collaboration with Djerassi. {Refs. 14,15,19,
20,21,22,248y .,
tederberq and Feiqgenbaum realized that (a) only through
application to real problems could the AI approach be materially
3i1vanc=2d and critically evaluated, and (b) ™S appeared to be a
fruitful applications area. M5 appeared to be an excellent
probler area because of the close relationship between spectral
fragmentation patterns and molecular structure for many classes of
17leculas. Dijerassi’s interest and expertise - and daily
interactionr between members of his group ard the AI group -~ led to
3 serizs of joint publications describing the approach and initial
results of the programs. The success >f these collaborative
2ffyrts led to the proposal to the NIH for initial funding to
extend these efforts.

) Efforts Under NIH Funling for DENDRAL. (Refs. 25-41).
Th2 initial funding by NIH provided the opportunity to upgrade the
instrumentatior and compnuter programs., In particular we were able
to mount a concarted project on both the analysis of mass spectra
»f biomedically important compounds and the mathematical aspects
5f molacular structure. Progress reports to the NIH describe this
rasearch in detail. The most recent annual report appears in
inpendix B. A series of publications directed to audiences both
in compnter science and chemistry are listed in the bibliography.
Tha following section {Section 3) summarizes the capabilities for
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strnzture 21lucidation which, in th2mselves, constitute an
important result of past wnrk.

a) Rezlated Research.
Ar important side effect of tha DENDRAL proiject is the extent to
which additional research was inspired and carried out to fill
7aps in eoxisting knowledge. This research, not supported by the
DENDRAL grant, has been beneficial to or-going DENDRAL work, and
vise-versa., Publications which have arisen from this research are
listed in the bibliogranhy (Refs. 58-70). A brief review of these
publications should indicate the need for precise specification of
the kaoswleldge elicited from chemists and used in computer
programs. As an example, consider the description and application
3f an early algorithm for generation of cyclic structural isomers
{?1y. This paper considered the problem of spectroscopic
iiffarantiation of isomers of CZ6H100. Unsaturated ethers fall in
ane of the classes of isomeric compounds which must be considered,
but tho MS of unsaturated ethers had not bzen investigated
systematicilly. This work was subseguertly carried out in
Praofessor Dierassi’s lakoratory independently of DENDRAL support,
hut of henafit to DENDRAL (62). Other examples will be found in
th2 Bibliography {(Refs. 58-70).

3. Existing Capabilities

#o have worked to develop distinctive capabilities for molecular
structure 2lucidation, bringirg together a high guality HRMS
syst21 and AY programs applied to biomolecular characterization.
The feasibility of our analytical approach has been demonstrated
in saveral problem areas, based upon the development both of a MS
syst2m and a qgeneral set of computer programs for use in new
irsas,

The princival capabilities are summarized below. These are now in
3y2iag and were developed primarily under NIH funding to this
projent, with additional support supplied by ARPA and NASA in
specific areas. (These agencies have reduced funding levels for
this work hecause overall cutbacks have forced NASA to cut out
this area of research despite their interast and ARPA is chartered
to provide funds for frontier compuater science research but not
for applications. Thus the NIH is the principal of support for
future development of applications programs in the
interdisciplinary area of artificial intelligences/health related
~herical problems.)

3. HRMS System and Coupled GC/LRMS Systen.
We have coupled the ¥WIH-supported Varian-MAT 711 High Resolution
Yass Spectrometer with a Hewlett Packard Gas Chromatograph and
isnoastratad its utility for GC/LRMS analysis of such difficult
analytic problems as the free sterols (i.e., not dzrivatized)
isolated from marine and other sources. Advanced data reduction
techniques for this instrument were written fo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>