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SECTION 1
DEPARTMENT OF HEALTH, EDUCATION, AND WELFARE LEAVE BLANK
RUBLIC HEALTH SERVICE PROJECT NUMBER

RESEARCH OBJECTIVES

NAME AND ADDRESS OF APPLICANT ORGANIZATION
Stanford University
Stanford, Czalifornia 94305

NAME, SOCIAL SECURITY NUMBER, OFFICIAL TITLE, AND DEPARTMENT OF ALL PROFESSIONAL PERSONNEL ENGAGED ON

“TITLE OF PROJECT

PROJECT. BEGINNIN INVESTIGATOR

Carl Djera Professor of Chemistry, Department of Chemistry; Joshua
ber Professor of Genetics, Department of Genetics; Edward Feigenbaur
of Computer Science, Department of Computer Science; Bruce
s esearch Computer Scientist, Department of Computer Science;
Alan Duffie , Research Associate, Department of Genetics; Dennis Smith,

e Irc

sociate, Department of Computer Science; Harold Bro s
be supplied

Associate, Department of Computer Science; Geoff Dromey, SS# applied
at a later date, Department of Computer Science.

Resource-Related Research -- Computer and Chemistry

USE THIS SPACE TO ABSTRACT YOUR PROPOSED RESEARCH, OUTLINE OBJECTIVES AND METHODS. UNDERSCORE THE KEY WORL
(NOT TO EXCEED 10) IN YOUR ABSTRACT.

The .bjectives of this research program are the development of innovative
computer and biochemical analysis techniques for application in medical research
and closely related aspects of investigative patient care. We will apply the
unique analytical capabilities of gas chromatography/mass spectrometry (GC/MS)
with the assistance of data interpreting computer programs utilizing artificial
intelligence techniques, to investigate the chemical constituents of human body
fluids in a variety of clinical contexts. Specific subtasks of- this program include;
1) the application of artificial intelligence (AIl) techniques to programs capable of
interpreting mass spectra from basic principles as well as extending mass spectral
theory by analysis of solved spectrum-structure examples, 2) the extension of GC/MS
data systems to provide stand-alone capabilities for collecting low and high resclution
mass spectral and metastable ion data, 3) the application of GC/MS and AI techniques
to analysis of biomolecular structure elucidation problems of a large number of
collaborators, and 4) the extension of artificial intelligence techniques to an
interactive system for computer assisted structure elucidation based on a variety
of data,

LEAVE BLANK

NIH 398 (FORMERLY PHS 398) PAGE 2 _
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SECTION Il — PRIVILEGED COMMUNICATION

FROM THROUGH
DETAILED BUDGET FOR FIRST 12-MONTH PERIOD
5/1/74 4/31/75
DESCRIPTION (/ternize) 1IME OR AMOUNT REQUESTED (Omit cents)
PERSONNEL WnRs |  SALARY FRINGE TOTAL
NAME TITLE OF POSITION ) BENEFITS
PRINCIPAL INVESTIGATOR
DETATILED SALARY DATA LISTEI] SEPARATELY ON ATTACHED SHEET
163,935 28,962 192,897
CONSULTANT COSTS -0-
EQUIPMENT
Equipment Purchase (First Year Items Only):
DEC GT-40 Display Terminal 13,400
PDP 11/20 Upgrade 34,000
Equipment Maintenance:
PDP-11 (DEC Contract) 4,200
MAT-711 (Parts, etc.) 6,500
suppLiesElectronics Supplies 4,400
GC Supplies (Columns, gases, etc.) 1,000
Liquid Nitrogen 1,000
Chemicals, glassware, stock, etc, 1,500
Data Recording Media 1,000
Minicomputer Supplies 700
; DOMESTIC 1,200
TRAVEL
FOREIGN _0-
PATIENT COSTS (See instructions)
-0-
ALTERATIONS AND RENOVATIONS
-0-
OTHER EXPENSES (/temize)
Publications, telephone, office supplies, postage 4,000
Computer Terminal Lease (4) 5,400
Computer Usage - 370/158 (First Year Item Only) 5,000
TOT
AL DIRECT COST (Enter on Page 1, Item 5} L 276,197
NOIRECT ’ ' DATE OF DHEW AGREEMENT: [ WAIVED
cosT —% S&W '] UNDER NEGOTIATION WITH:

47 %X exNTDC_- June 26, 1973
*IF THIS IS A SPECIAL RATE fe.g off-site), SO INDICATE,

{See Instructions).

NIH 398 (FORMERLY PHs PAGE 3
Rev. 1/73 ! 398



- PRINCIPAL INVESTIGATORS:
C. Djerassi

J. Lederberg

E. Feigenbaum

RESEARCH ASSOCIATES:
B. Buchanan (1)
A. Duffield
D. Smith
N. .Sridharan
H. Brown

G. Dromey

PROGRAMMERS:
W. White
R. Tucker

SENIOR RESEARCH ASSISTANT:

A. Wegmann

ELECTRONICS ENGINEER:
N. Veizades

GLASS BLOWER/MACHINEST:
E. Steed

RESEARCH ASSISTANTS:
L. Masinter
M. Stefik
To Be Appointed

SECRETARIAIL SUPPORT:
K. Wharton

TOTAL:

(1)Dr. Buchanan's salary charges do not begin until 9/1/74 at which time

DETAILED SALARY DATA
NIH GRANT #RR-00612

5/1/74-4/31/75

%

Effort

10
10
10

50
25
100
100
100
100

100
100

100

60

25

100
100
100

100

Fringe
Salary Benefits Total
~-0- -0- -0-
-0- -0- -0-
2,910 514 3,424
7,000 1,237 8,237
6,195 1,094 7,289
16,200 2,862 19,062
16,050 2,835 18,885
16,200 .2,862 19,062
15,500 2,738 18,238
14,400 2,545 16,945
14,100 2,491 16,591
15,000 2,650 17,650
11,670 2,062 13,732
4,410 779 5,189
5,070 865 5,965
4,915 868 5,783
4,915 868 5,783
9,400 1,662 11,062
$163,935 $28,962 $192,897

his NIH Research Career Development Award expires.



SECTION Il — PRIVILEGED COMMUNICATION

DIRECT COSTS ONLY (Omit Cents)

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

DESCRIPTION l;iTMEEﬁSIOD ' ADDITIONAL YEARS SUPPORT REQUESTED (This application only)
TAILED B 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR BXHYERR 7TH YEAR
TOTAL
PERSONNEL
COsTs
192,897 | 210,611 | 225,129 | 240,630 257,383 |1,126,650
CONSULTANT COSTS
finclude fees, travel, etc.) -0- -0- -0- -0- -0- -0-
EQUIPMENT
58,100 | 11,770 | 12,947 | 14,241 | 15,665 | 112,723
. SUPPLIES
9,600 6,920 | 7,612 8,370 | 9,207 41,709
OOMESTIC
TRAVEL 1,200 1,320 | 1,452 1,597 | 1,757 7,326
FOREIGN -0- -0- -0- -0- -0- -0~
PATIENT COSTS
-0- -0- ~0- -0- -0- -0-
ALTERATIONS AND
RENOVATIONS -0- -0- -0- -0- -0- -0-
OTHER EXPENSES
14,400 | 10,340 | 11,374 | 12,511 | 13,762 62,387
TOTAL DIRECT COSTS 276,197 | 240,961 |258,514 | 277,349 297,774 |1,350,795

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

$ 1,350,795

page if needed.)

See following pages for budget justificatiom.

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

NIR 398 (FORMERLY PHS 39¢)
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fudget Justification

Th2 availability of existing eguipment - including the mass
spactrom2tar and SUMEX computer - avoids the need for requesting
funds for major laboratory itens and saubstantial compiating costs.
Thus, +*+hs major expense in the resulting budget is for personnel.
We faal +hat the personnel listed here are necessary to carry out
tte researczh, as justified helow. PRecurring costs are about
227,000 per year. First year expenditures are hiqgher to provide
tha instrumentation necessary for mass spectrometry service in the
first year.

ie are regiesting funds for five years to coincide with the
funding of the ATM-SUMEY resource, to #hich we hope to make
sigrificant constributions.

This hadget overlaps slightly with the buljet for the Genetics
Pasearch Canter (J. Lederberqg, Principal Investigator). Dr. Alan
Dnffield's 25% salary budgeted here is covered hy the other budget
{vhere 100% of his salary is budgeted). 10% of Ms, Annemarie
#=20minn's salary is covered there {with 100% of her salary
hudqgeted here). These are the only overlapping items. We have no
»fficial notification of Genetics CTenter funding; 1f the present
proposal is successful, the Genetics Center buidget will be
adjuasted accordingly.

Tn the fiva-year budget, salaries are increased by 6% per year and
staff henefits are computed at 17% for the period 5/74-8/74, 18%
For the parind 9/74-8/75, and are incr=2ased 1% per year

t hereaftar, basesd on current University projections. Other budget
satejories are increased hy 107 per year to accounrt for inflation.

Darsonna2l:

BRROCTE 3, BIJCHANAN

nr. Bruce Buchanan holds an NIH Research Career Development Award
to work on applications of artificial intelligence to
health-related problems, incluling theory formation by computer.
7i3 work on those aspects of this grant is thus consistent with
the Davelosnment Award. Half-time support is requested after the
thirl year of the Development Award (startinqg September, 1974) to
sover tha zontingency that the award will rot be extended to the
Full fiva years. Ttese funds will be returped if the Award is
extended,

DENNIS H., S™ITH

Pr. Dennis H. Smith has been a remher of the DENDRAL project since
July, 1971. He has been responsible for *he MS and its computer
support, and has been involvel in the application of the AI
programs to structural studies of hiomedically important
zompounrds, prirmarily stz2roids. These responsibilities will
~ontinue ia the funture, with particular emphasis on providing the
mass spectrometar/AI program link to the user community and its
1335 spectrometry anrd general structure elucidation needs, and in
orovidirg the necessary chemical knowledge and input for
levelopment of the computer programs and user interfaces for the
proposaed compiatar assisted structure elacidation effort.



ALAN DUFFIELD

Yr. Alan Duffield is the senior scientist in charge of the mass
spactrometry facilities of the GRC. Because of his expertise in
tr> analvsis of mass spectra from various fractions of human body
fluils, ho will provide the link betwesn the structure elucidation
techniagnas of this proposal and other scientists with similar
problems., The GC/HRMS facilities are also expected to provide
sarvics *o the Genatics Center for high resolution analysis of
zompourds isolated from body fluids,

SATESA SRIDHARAN

nr. Sridharan will be responsible for developing interface
rontines that allow nevw researchers to make use of the structure
alucidation progranms, We expect these routines to accept
infarmatinir about a research problem, in semi-formal terms, and
translate i+ into a format the program can use. They should be
somplete eansugh so that indiviinal researchers do not need to know
absnut the inner workings of the programs. In addition, he will
=antinue to5 help Dr. Rrowr and Mr. Masinter with development of
the cvclic generator progranm. (Within a few days of this writing,
Dr. Sridharan has decided to taka a leave of absence. During his
absence we vwill recruit another Research Associate to perform his
Inti=s.)

HAROLD RROWN

n"r. Harold Brown's knowledge of graph theory and combinatorial
nathamatics is essential +o the development of the cyclic
structure jenerator. Many problems with development and
implamentation of this program have required sophisticated, new
mathematical solutions worked osut by Dr. Brown. For example,
generating the dictionary of cyclic graphs and assembling
substructiares involve problems ir graph theory that Dr. Brown is
surra2ntly working on.

Dr. 2rown has submitted a propd>sal to the NSF to cover his salary
for this research. If that grant is awarded, funds requested here
for his salary will mnot be needed.

P. GEOFF DROM™EY

Dr. 3eoff Dromey is a chemist with strong conmputer science
interasts who has been associatel with the project since
Saptamher, 1973. Hs has become familiar with many aspects of the
DENDRRL performance programs and will be expected to help outside
researchers use those programs., Tn adlition, he will be
insyeloping new programs, such as the program for molecular ion
Aetermination from mass spectra.

WILLTAM C. WHITE

Mr, William White provides high-level programming support for the
theory formation programs, including helping to devise new
proqrams in response to new research problems as well as
implamenting tham. He wrote almost all of the LISP code for the
TNTSTM program, for example, and is currently responsible for the
AL EGEN progranm,

MQ, ANNTMARTE WEGMANXN

Mz, Annemacie Wegmann is *the Sanior Research Assistant in charge
5f *the GC/HRMS system. She was formerly head of Hewlett-Packard's
Palo Alto gas chromatography applications labhoratory and has been
rasponsikla for the operation of the GC/MS systep since the



1elivory to our laboratory of the MAT-711 (Novenmber, 1971). Her
t2chnical ahility is absolutely essential to the continued
dperation and development of the mass spectromatry facility.
INSTRUMENT SUPPORT PERSONNEL

fessars. Y2izades and Steed will assist part time in paintaining
the GC/MS system. Mr. Veizades is an Flectronics Sngineer who is
r=2spansible for the electronic and mechanical systems as well as
proviling +he recessary voltage read-out and control development
for the mestastable analysis data system. Mr. Steed is a Research
"nyineer rasponsible for the system glasswdrk and vacuum systen
naintenanca,

> o

RORFRT TIICKER
“r. Pobert Tucker implements and maintains the computer programs
for data acquisition and reduction of MS data. This includes
translating existing PL/ACME into FORTRAN and PDP-11 assenmbly
langiage. In addition, he will he responsihle for improving these
proqrams for repetitive HRMS scans, implementing the multiplet
resonlution algorithm and the software necessary for semi-automated
za2llactinn of metastahle ion data.
'RY M, MASINTER

Larrvy Masinter, Research Assistant, will continue to work with
. Lederberq and RBrown on the development of the cyclic

ncture generator. His LTISP expertise has been an invaluable
ource for every menmher of the research team.
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MARK STEREFIK

Mr. Mark Stefik, PResearch Assistant, combines two vears of
axderience on the ACME/MS data acquisition system with a long-tern
comaitment to computer science. He has developed interactive
library search capabilities for the mass spectrometer and will
continne to improve them. His knowledye of the data acyuisitiorn
computar programs will be very valuable in assisting initial
translation of thoss programs into FORTRAN (from PL/ACME code) for
tha 2xtend=2d PDP-11/20 systen.

RESFTARTH ASSISTANT - unnamed

2 have interviewed *wo prospective Research Assistants, both of
whom have broad chemical experience and strong computer science
interes+s. We request funds to5 hire one of them to provide
additisnal links between computer science techniques and structure
alucidation problens.

SECRETARIAL SUPPORT

dna full-time secretary is necessary for the secretarial support
2f this number of scientists. WMs. Kathlsen Wharton is now with
tho Computar Science group.

BOUTDMENT DUJRCHASE:

*= discuss2d in the tex+ (Section IIT.A), in the first year we
olan to augment our existing PDP-11/20 computer (Uk memory) to
1llow its speration as a stand-alon2 data system. We plar to add
16k of memd>ry (%3,000), a floating print arithmetic unit ($7,500),
in ininstry compatible tape drive ({$9,000), a 4isk drive (10,500},
3 low sneed communications intarface (%$1,000), and a bootstrap



19adar and clock {%1,200). These devices together with state
salos tax total to %34,000. The prices quota2d are representations
7f the most cost-effective suppliers of the respective devices we
1ave heop able to locats, We will continue to review the market
h2fsyra implementation to maximize technical and cost performance.

is stited abova, we plan to provide interface programs to provide
the zommpunication link between the users and the programs. The
aniversal language of molecular structure is diagrammatic
reprasentation of the structures, drawn usually in two dimensions
{>r as *+wo-1dimensioral representations of three dimensional
infiyrmation). Therefore, we feel that a graphics terminal such as
the DEZ 5T-40 is necegsary for effective sharing of the programs
3ryng Starnford users. The GT-40 terminal is a good choice for
nerfarning this structural display task, for a number of reasons.
Programs ar= available for input and output of structural
information which can he modifia2d to run on a GT-40 (e.g., we have
jus* implemanted on ar experimental basis routines made available
tn 1s hy R, Feldman, NIHN); Sophisticatesd s+tructural display
pryograms have been written especially for a GT-40 which we would
Eopa tn moint; and the ATM-SUMPEX resource will specifically
support on» GT-40 for use by the SUMEYX staff, This terminal will
be physizally located in the MS laboratory since all of the users
will interact with that lahoratery.

BOUIPMENT MATNTENANCE:

¥aintenanc? is hudgeted for the proposesd stand-alone PDP-11,/20
system nnder DFEC contract based on current prices. Also included
is a hudget for maintenance of the MAT-711 systen. This estimate
is based on our experience with parts replacements to date. We
will proviie the necessary raintzrance manpower (see personnel
justificatinan) because Varian cannot provide adequate service.

SUPPLI®S

Supplies are budgeted in various categories based on our operating
ayparience to date. Flectronics supplies include parts necessary
for maintaining our electronics and test equipment (%1,000) as
well as parts in the first year for the metastable ion data systen
{$3,200). These comprise several D/A and A/D converters for
iccalerating voltaqe, ESR voltaqge, and magnetic field control as
woll as parts to upgrade the Hall probe mass marker. GC supplies
include carrier gases, columns, phases, syringes, septa, etc., for
3C/MS nperation., The liquid ni*rogen is required for cold trap
speration nsn the MAT-711. Chemicals, glassware, etc., include the
various orgaric chemicals, glassware, apparatus, glass tubing,
atc,, needsd to support the GC/MS laboratory operation. Data
recordint m=dia include special nv sensitive recorling paper for
the MAT-711, paper for GC and instrumentation recorder, and
zalcomp paoer and pens for ion currennt and spectrum plotting.
viri-computer supplies include paper, magnotic tape, ribbons,
spara 4isk cartridges, etc., for data system operation.

TRAVEL:

The travel budget covers estimited neels (2 s2ast coast and 2 vest
~oast) *rips for attending related professional meetings and
iiterfasiang potential program us2rs nationally. Domestic travel
i3 budgeted for two Fast Coast trips and two California trips per
year amony All personnel. Yo foreijgn travel is budgeted.

DTHER:



The "pthar” budget includes nperating telephone, office supplies,

postage, raproduction, =2tc., support necessary for this project

basel on our previous experienza. The "computer usage" allocation

provides a continued limited usage 5f the 370/158 computer during

the angmentation of the PDP-11/20 systz2m. This cost does not
app=2ar in later years. Terminal rental covers four terminals to

he listribated among the MS laboratory, the Zomputer Science
Dept., and J. Lederherg's lahcratory.
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SECTION Il — PRIVILEGED COMMUNICATION Principal Investigator: Carl Dierassi
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.)
Carl DJERASSI 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, B Male  []Femate
EDUCATION (Begin with baccalaureate training and include postdoctoral)
YEAR SCIENTIFIC
INSTITUT! N Ti
ON AND LOCATION DEGREE CONFERRED EIELD
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,

German Academy of Natural Scientists (leopolding), Brazilian Academy of Sciences, {cont. below)
MAJOR RESEARCH INTEREST N|at, prod. chemist ROLE IN PROPOSED PROJECT

(steroids, alkaloids, terpenoids, antibiotics) and o i
chem. applicgtions of pSysncci, methqds (mass Principal Investigator
_spec, , optical rotafory dispersion, circdlar

RESEARCH SUPPORT (See /nstructions) dichroism),

Current  Total % Time
Grant Title Period Year Budgated Effort
NIH AM 04257 Mass Spectrometry in 10/1/70 to $52,306 $316,016 10%
Organic and Biochemistry  9/30/75 ’
NIH GM AM Marine Chemistry with 1/1/73 to $75,650 578,180 18%

06840-15 special emphasis on steroids 12/31/77
NSF Pending Grant Application #P3P3689, Magnetic Circular Dichroism in Orgaanic Molecules,
in the amount of $27,640.

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

Academic Experience:

Professor of Chemisfry, Stanford University, 1959-present.
Associate Professor (1952-1954) and Professor (1954-1959), Wayne State University.

Industrial Research Experience:

Ciba Pharmaceutical Co., Ssummit, 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) 1960-19468, )
President, Syntex Research 1968-pseesst, Zoecon Corporation (Palo Alto), President, 1968-presesnt.

Editorial Boards: 1974
{Current) Journal of the American Chemical Society, Steroids, Tetrahedron, Organic Moss 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 Chemicali 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 Awaord
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 Poiytechnic
Institute (1972). Scheele-Lecturer, Pharmaceutical Society of Sweden (1972); American Chemica!

AHS-398 Society's Award for Creafive Invention (19/3), National Medal ol Science (1275).
Rev. 3-70 age

U, S, GOVERNMENT PRINTING GEFICE : 1871 O - 451-746 //
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DO NOT TYPE IN THIS SPACE-BINDING MARGIN

BIOGRAPHICAL SKETCH (C. Djerassi) Lontinvation page  Principal Investigator:Cart 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 International Development. -

PUBLICATIONS

Author or co-author of six books and approximately 800 publications dealing with
natural products (notably steriods, terpenoids, alkaloids and antibiotics), medicinal
chemistry (primarily antihistamines, oral contraceptives and anti-inflammatory agents)
and applications of physical methods (mass spectrometry, optical rotatory dispersion,
magnetic cir cular dichroism) to organic and biochemical problems.

PHS-398 Page
Rev, 2-69 GPO : 1969 O - 350-380
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NANE ‘ TiTez S8IRTHOATE (*Ma., Cay, r1.)

rofessor and Executive Head,
LEDERBERG, JOSHUA Department of Genetics 5-23-25
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (If ron-U.S citizen, 3£ X
; Indicate kind of visa and expiration date)
Montc{nir, New Jersey U.S,A. 2 Male T Femaln
EQUCATICN [Bugin with baccalsureate training und include postgactorail
- YEARQ | SCIENTIFIC
INSTITUTION AND LOCATION DEGREE Ao f T
Columbia College, New York B.A, 1944
College of Physicians & Surgcons, . '
Columbia University, New York (1944-46]
Yale University Ph.D. 1647 Microbiolooy

HONORS
1957 - National Academy of Sciences
1958 -~ Nobel Prize in Medicine

MAJOR RESEARCH INTEREST AOLE IN PROPOSED PROJECT

Molecular Genetics; Artificial Intelligencd PRINCIPAL INVESTIGATOR
RESEARCH SUPPORT (See inscrucaons)

SEE ATTACHMENTS:

RESEARCH AND/OR PROFESSIDNAL EXPERIENCE [Starting with present posidon, Jigl training and expanence relevant to area of pro;ect List ali
ormost representatve pubdiications Do not exceed 2 pows for each individual,)

1961~ Stanforc University
oot ....Director, Kennedy Laboratories. for Molecular Medicine ... ... . ... s sen o
©1959- Professor, Genetics and Biology, and Executive Head Department of

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

1957 Melbourne University, Australia
. Fullbright Visiting Professor of Bacterilolcgy
1950 University of California, Berkeley :

Visiting Professor of Bacteriology
1947-1959  University of Wisconsin
R ~ Professor of Genetics
1946-1947  Yale University. Research Fellow of the Jane Coffin Childs Fuad 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 Biology .
1950~ President's Science Advisory Committee panels. National Institutes
of Health, National Science Foundation study sections (genetics)
RH3-2338 -
Rev. 3-70 . .. . .



1

2)

3)

4)

5)

#/

Grant Number

NASA:NGR-05-020-004

NIH:AI-05160

NIH:GM

NIH:RR-00785

NIBN Cdgputer Lab—
orat alth
Care Resoulge
Program

NIH:GM00295

RESEARCH SUPPORT SUMMARY FOR JOSHUA LEDERBERG

Grant Title

Cytochemical Studies of Planetary
Micro-organisms

Genetics of Bacteria

Genetics Research Center

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

creening o dy Fluids
igns of Disea ith
Chromatogra

Training Grant in Genetics

Current Year

$150,000

60,000

547,035

571,567
159,881

121,172

Total Award

$3,950,000

280,000

2,609,383

2,769,262
908,238

321,163

12/7/73

Grant Term Budgeted
% Time

9/60-8/74 47
(Future support
dubious)
9/68-3/73 15%
(Renewal

Pending)
9/73-8/78 10%
(Pending)
10/73-7/78 20%
9/

(Pend

Program
impounded)

7/1/73-6/30/77 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 tc 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).
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SECTION Il — PRIVILEGED COMMUNICATION

BIOGRAPHICAL SKETCH

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

NAME TITLE . BIRTHDATE (Mo., Day, Yr.)
Principal Investigator,
Feigenbaum, Edward A. DENDRAL Project 1-20-36
PLACE OF BIRTH (City, State, Cauntry) PRESENT NATIONALITY (/f non-U.K citizen, SEX
indicate kind of visa and expiration date)
Weehawken, New Jerse U.S. Citi
| ’ Y Citizen ¥ Male [ Female
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 Zrngineering
Ph.D. 1959 Benavioral Scierces.

.HONORS gnd memberships: .
American Psychological Association; Association for Computing Machinery (Merber

of the National Council 1966-68); American Association for the Advancezent of

Science, SIGBIO Chairman, 11l/73-present.
MAJOR RESEARCH INTEREST : ROLE IN PROPOSED PROJECT

Artificial Incelligence ’ Principal Investigstor
RESEARCH SUPPORT (See iastructions)

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list training and experience relevant 1o ares of project, Listali
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 Surmer Research Training Institute in Computer Simulation of Cognitive
Processes (National Science Foundation)

1962 Carnegie Corporation. Summer Research Training Institute in Heuristic

Programming. Faculty member.

11960-196L4 University of California, Berkeley
Research-Center for Research in Management Science, 1960-196L

Research-Center for Human Learning, 1961-1964

Assistant and Associate Professor, School of Business Administrstion, 1G60-6x
1957-1960 The RAND Corporation, Santa Monica, Californis
1956 . IBM Scientific Computing Center, New York

Selected Publications:
"Applications of Artificiel Intelligence for Chemical Inference I. The Iumber

writ

of Possible Organic Compounds. Acyclic Structures Containing C, H, 0 and X',
J. Am. Chem. Soc., 91, 2973 (1969). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference II. Intervrezation
of Low Resolution Mass Spectrs of Ketones", J. Am. Chem. Soc., 91, 2977 (1959).

(Co-Author). . .

RHS-398
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Publications of Edward Feigenbaum

"Applications of Artificial Intelligence for Chemical Inference III.
Aliphatic Ethers Diagnosed by their Low Resolution Mass Spectra and HNuclear
Magnetic Resonance", J. Am. Chem. Soc., 91, T4LO (1969). (Co-Author).

"Heuristic DENDRAL: A Program for Generating Explanatory Hypotheses in
Organic Chemistry", in Machine Intelligence 4, Edinburgh University Press,
1969. {(Co-Author).

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

 "A Heuristic Program for Solving a Scientific Inference Problem: Surmary
of Motivation snd Implementation', Stanford Artificial Intelligence Project
Memo No. 104, November 1969. (Co-Author).

"Applications of Artificial Intelligence For Chemical Inference IV. OSa urated
Amines Diagnosed by Their Low Resolution Mass Spectra and luclear i
Resonance Spectra', Journal of the american Chemical Society, 92, 6
(Co-Author).

"Applications of Artificial Intelligence for Chemical Inference V. /in
Approach to the Computer Generation of Cyeclic 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. Approack
to a General Method of Interpreting Low Resolution Mass Spectra with 2
Computer", Chem. Acta Helvetica, 53, 1394 (1970). (Co-Author).

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

"A Heuristic Programming Study of Theory Formation in Science", 3
of the Second International Joint Conference on Artificial Intel
Imperial College, London (September 1971). (Co-Author).

"
pos
3
-

roceedings
r

nce,

-~
|92

&
re
&5E

A

"Applications of Artificial Intelligence for Chemical Inference VIII. An
Approach to the Computer Interpretation of the High Resolution Mass Specira
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 Forrmation", in
M&chine Intelligence T, Edinburgh University Press (1972). (Co-Author).

"Applications of Artificial Intelligence for Chemical Inference X. Intsum
A Data Interpretation Program as Applied to the Collected Mass Spectra of
Estrogenic Steroids", Tetrahedron, 29, 3117 (1973). (co-author).
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SECTION It — PRIVILEGED COMMUN._  TION

BIOGRAPHICAL SKETCH

{Give the following information for all professional personnel listed an 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 7-7-L0
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (If non-U.S. citizen, SEX
indicate kind of visa and expiration daste)
St. Louis, Missouri U.S.Citizen -
@ Male [ Femate

EDUCATION (Begin with baccalaureate training and include postdoctoral}

YEAR SCIENTIFIC
INSTITUTION AND LOCATION DEGREE CONFERRED FIELO
Ohioc Wesleyan University B.A. 1961 Mathemetics
Michigan State University M.A., Ph.D.| 1966 Philosophy

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

MAJOR RESEARCH INTEREST ROLE IN PROPOSED PROJECT

Artificial Intelligence Associate Investigator

RESEARCH SUPPORT (See instructions)

NIH Research Career Development Award, GM-29662

alt

RESEARCH AND/OR PROFESSIONAL EXPERIENCE {Starting with present position, list training and expesience relevart to area of pioject List
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 Socilety,
91, 2977-2981 (1969). (CovAuthor).

"Applications of Artificial Intelligence for Chemical Inference I. The Nuzber of
Possible Organic Compounds: Acyclic Structures Containing C, H, O and N'". Jourral
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 Mess Spectra and NMR Data'. Journal of the
American Chemical Society, 91, TLho-45 (1969).  (Co-Author).

"Heuristic DENDRAL: A Program for Generating Explanatory Hypotheses in Organic \
Chemistry". Machine Intelligence.lk, Edinburgh University Press«(1969). (Co-Author).

RAS-308 ' ,
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Publications of Bruce Buchanan:

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

"On Generality and Problem Solving: A Case Study Using the DENDRAL Progrex".
. Machine Intelligence 6, Edinburgh University Press (1969). (Co-Author).

"Some 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 tc
& Genersl Method of Interpreting Low Resolution Mass Spectra with a Computer'.
Chemica Acta Helvetica, 53, 1394 (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 Miss Spectra and Nuclear lagnetic Rescnence
Spectra'. Journal of the American Chemical Society, 93, 6831 (1970). (Co=-Autnor).

"TPhe Heuristic DENDRAL Program for Explaining Empiricel 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". Mechine
Intelligence T, 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 Artificiel Intelligence for Chemical Inference IX. Analysis o
Mixtures Without Prior Separation as Illustrated for Estrogens". Submitted to
Journal of the American Chemical Society. (Co-Author).

e
& Sa
Lhe

"Applications of Artificial Intelligence for Chemical Inference X. Intsum A Data
Interpretation Program as Applied to the Collected Mass Spectra of Estrogexnic
Steroids'". Tetrahedron, 29, 3117 (1973). (co-author)

"Rule Formation on Non-Homogeneous Classes of Objects'. In proceedings of the Third
International Joint Conference on Artificial Intelligence (Stanford. 1973). (co-author).

nCurrent Status of the Heuristic DENDRAL Program for Applying Artificial Intelligence to
the Interpretation of Mass Spectra'. DENDRAL Project Memo, August 1973
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Biographical Sketch of Bruce G. Buchanan

Memberships:
Association for Computing Machinery (ACM)
Philosophy of Science Association
American Association for Advancement of Science (AAAS)
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Usecontinsarion 2275 ang foilawr tna a3 goneral format for each person.)
NAME TITLE . BLATHOATE Mo r0am
- - Alan M, DUFFIELD Research Associate Decener 2694535/
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY {/f non-U.S citizen, SEX
o ) indicate kind of visa and expiration date)
Perth, Western Australia Australian, Permanent resident :
i T i pveqms ian (3 rale T Famiia
EDQUCATION (5nqin with paccataureate training und include pastdocearat) .
INSTITUTION AND LOCATION DEGREE YEAR SCIENTIFIC
CONFERRED FIELD
University of Western Australia B. Sc(lst Class R ..
: Hons) 1958 Organic Chemistry '
University of Western Australia Ph.D, 1962 Organic Chemsitry

| HONORS

1 MAJOR RESEARCH INTEREST

‘Applications of mass spectrometry to
Biology and Biomedical Problems

ROLT IN PROPOSED PROJECT
Organic Chkemist/mass spectroscopist

RESEARCH SUPPORT (See instructions’
N/A

4
!

! ermost representative pudiications, Do not exceed 3 aqges for each individual. i

e et

1970
1969
1965

1963
1962

L

69
63

An Apolication of Artificial Int
Mass Spectrometry, -~ .
New York, 1971, p>., 121-178
By B. G 3uchanen, A. M. Du

E P L Y P L L R e I, -

Research Associate, Department of Genetics, Stanford University
School of Medicine -

Head of the Mass Spectrometry Laboratory, Chemistry Department
Stanford University .

Research Ascociate, Department of Chemistry, Stanford Univarsiiy
Postdoctoral Fellow, Departuent of"Chemistry, Stanford University

RESEARCH AND/OR PROFESSICNAL SXPERIENCE (S:arting with present cosition, Jist trairing and experience reievant 1o area of prs,ece Lt ait

Postdoctoral Fellow, Department of Blochemistry, Stanford University

School of Medicine. , . .

PUBLICATIONS SINCE 1971

alligence to the Interpretation of Mass Spectra.
8.W.G. Milne, Ed., John Wiley and Sens,

ffield and A. V. Robertson

fing ‘938
Rev, 275
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10,

11,

12,

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

Org. Mass Spectr., 5, 551 (1971)

By R. A. Corral, 0. O. Orazi, A. M. Duffield and C. Djera551

Electron Impact Induced Hydrogen Scrambling in Cyclohexanol and Isomerwc

Methylcyclohexanols. -
Org. Mass Spectr., 5, 383 (1971) ' T
By R. H. Shapiro, S. P. Levine and A. M. Duffield

.. Derivatives of 2-Biphenylcarboxylic Acid.

Rev. Roumain. Chem., 16, 1085 (1971)
By A. T. Balaban and A. M. Duffield

Alkaloide aus Evonymus europaea L.
Helv. Chim. Acta, 54, 2144 (1971)
By A. Kldsek, T. Reichstein, A. M. Duffield and F. Santavy

Studies on Indian Medicinal Plarts. XXVIII. Sesquiterpene Lactones of
Enhydra Fluctuans Lour. Structures of Enhydrin, Fluctuanin and Fluctuadin.
Tetrahedron, 2§, 228 (1972).
By E. Ali, P. P. Ghosh Dastidar, S. C. Pakrashi, L. J. Durham
and A. M. Duffield '

The Electron Impact Promoted Fragmentation of Aurone Epoxides.
Orz. Mass Spectr. &, 199 (1372)
By B. A, Brady, W. I. O'Sullivan and A. M. Duffield

The Determination of Cyclohexylamine in Aqueous Solutions of Sodium Cyclamate
by Electron Capture Gas Chromatography.
Anal. Letters, 4, 3C1 (1871)

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

Computer Reccgnition of Metastable Ions. Nineteenth Annual Conference on
Mass Spectrcometry, Atlanta, 1971, p. 63 o
. By A. M. Duffield, W. E. Reynolds,.D. A. Anderson, R. A. Stillman, Jr.
" and C. E. Carroll

Spectrometrie de Masse. VI. Fragmentation de Dimethyl-2,2-dioxolanes-1,3-
Insatures.

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

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

Chlorpromazine Metabolism in Sheep. II. In vitro Metabclism and Preparatiocn
of 3H-7-Hydroxychlorpromazine. -

Journees D'Agressologie, 12 , 333 (1971}

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

A. M. Duffield and M. D. Solomon

Mass Spectrometry in Structural and Stereochemical Problems. CCXVII.

" Electron Impact Promoted Fragmentation of O-Methyl Oximes of Some

a,8-Unsaturated Ketones and Methyl Substituted Cyclchexanones.
Canadian J. Chem., 50, 2776 (1972)
By Y. M. Sheikh, R. J. Liedtke, A. M. Duffield and C. Djerassi



a. M.

Publicaticns

13.

14,

15.

le.

17.

18.

19.

20.

21.

22.

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 g

‘Applications of Artificial Intelligence for Chemical Inference. VII. An

Approach to the Computer Interpretation of the High Resolution Mass Spectra

of Complex Molecules. Structure Elucidation of Estrogenic Steroids.
J. Amer. Chem. Soc., 94, 53962 (1972)
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 Problems. 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 Serum.
Clinical Biochem., 5 166 (1972) ,
By E. Steed, W. Pereira, B. Halpern, M. D. Solcmon and
A. M. Duffield

Pyrrolizidine Alkaloids. XIX. Structure of the Alkaloid Erucifoline.

Coll, Czech. Chem. Ccmmun., (1972) .
By P. Sedmera, A. Klasek, A. M, Duffield and F. Santavy.

-

Mass Spectrometry in Structural and Stereochemical Prcblens, CCXXII,
Delineation of Ccmpeting Fragmentation Pathways of Complex Molecules
from a Study of Metastable Ion Transitions of Deuterated Lerivatives.
Org. Mass Spectr., 7, (1973)
By D. H. Smith, A. 4. Duffield and C. Djerassi

Chlorination Studies I. The Reaction of Aqueousfgyﬁochlorous Acid with
Cytosine.
Biochem. Biophys. Res. Commun., 48, 880 (1372)
By W. Patton, V. Bacen, A. M. Duffield, B. Halpern, Y. Hoyane, 9.
Pereira and J. Lederberg

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

Austral. J. Chem., 26, (1973). ‘ .
By M. D. Solomon, 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 an

d A. M. Duffield
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SECTION Il — 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.)

Dennis H. Smith Research Associate 11/12/42
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (/f non-U.S. citizen, SEX

indicate kind of visa and expiration date)
New York USA 7 %ije [ Femate
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
) ROLE IN PROPOSED PROJECT ' -

MAJOR RESEARCH INTEREST
Spectromet and A.I. in Chemist .
Mass Sp Iy ty Research Associate

RESEARCH SUPPORT (See instructions)
N/A

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list training and experience reievant to area of project, List ail

or most 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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6.

10.

PUBLICATIONS: D. H. SMITH

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.
D8pke, "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 Il. Automated Heteroatomic Plotting as an
Aid to the Presentation and Interpretation of High Resolution Mass
Spectral Data," Tetrahedron, 24, 5749 (1968).

W. J. Richter, B. R. Simoneit, D. H. Smith ond A. L. Burlingame,
"Detection and ldentification of Oxocarboxylic and Dicarboxylic Acids in
Complex Mixtures by 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 arboresceis.

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. Our
and J. Norris, Eds., Plenum Press, New York, 1970, pp. 17-38.
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PUBLICATIONS: D. H. SMITH Page 2

1.

12.

13.

4.

15.

16.

17.

18.

19.

20.

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

D. H. Smith, "Mass Spectrometry," Chapter X in Guide to Modern

Methods of Instrumental Analysis, T. M. Gouw, Ed., Wiley-Interscience, »

New York, 1972.

D. H. Smith, R. W. Olsen, F. C. Walls and A. L. Burlingame, "Real-time

Mass Spectrometry: LOGOS--A Generclized Mass Spectrometry Computer

System for High and Low Resolution, GC/MS and Closed~Loop Applications,™

Anal. Chem., 43, 1796 (1971).

A. L. Burlingame, J. S. Hauser, B. R. Simoneit, D. H. Smith, K.
Biemann, N. Mancuso, R. Murphy, D. A. Flory and M. A. Reynolds,
"Preliminary Organic Analysis of the Apollo 12 Cores," Proceedings of the
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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 for use with the ACME
conputer svstem {360/50) and now exist in Stanford's new 370/158
shich -ontinues to support the PL/ACME language. GC/HRMS scans on
extracts from urine and amniotic fluidl demonstrated this systenm's
sapability to provide high quality mass measurements on complex
rixtures obtained from biological sources. An example of one
3C/HRMS run on the amino acid fraction of amniotic fluid is
presented below {Sec. III.D).
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b. DENDRAL Structure Serarator (R2fs. 1-6,14,31,37,38,40,41)
The DENDRAL Structure Generator prngram accomplishes exhaustive
ani irredundant generation of isomers, with and without rings.
This prngram gquarantees consideration of every candidate structure
- 2ither implicitly, as when whols classes of structures are
forbidden, or 2xplicitly, as when individuil compounds in a class
ir= specified. It corresponds to the "legal move generator" of
zonouterized chkess playing and other heuristic progranms.

c. DENDRAL Plarner (Refs. 25,28,33)
#e have written a very general set of computer programs for
iasterminingy structural features from aralytical data in
well-definad areas. Such general planning programs have been
writtan for low and high resolution MS, interpreted proton NMR
spectroscopy and 13CMR data.

i, INTSUM (Refs., 26,29,34,35)
INTSIM is a computer program that aids in finding interpretive
rules for MS. The program interprets a large collection of MS
Jata az-~orling to criteria specified by the investigator. Then it
summarizes the data to show which of the possible interpretations

se>n mdost plausible.

». PROLEGEN {Refs. 26,35)
ROLEGEN is the current rule generation program that suggests
various rules of interpretation for th2 MS data summarized by
INTSIM. RAlthough not finished, the program can provide useful
assistance in practical theory formation.

f. Ancillary Techniques
1. The MS facility provides other types of experiments in MS,
including ultra-high resolution measurerents (masses determined
via peak matching), defocussed metastable ion determinations
{Barhar-Flliott technigque) and low ionizing voltage experiments.
These data are utilized by both scientists and programs where
ippropriates.
2. Additional computer programs provide added problem-
solviny assistance.

1. DPredictor program for predicting major features of mass spectra.

b. Programs for drawing and displaying chemical structures.

c. Subroutines developed in coniunction with or existing as parts of
tha Structure Ganerator for problems of partitioning, construction
3f vertex-graphs, and constructive graph labelling. These can he
ipplied to answer certain guestions of isomerism which do not
rejuire th> complete generator. For example, the labelling
1lgorithm -an 1list all structures resulting from substituting
sites of a carbocyclic skeleton with stated numbers of different
functional groups.

g. Other Spectroscopic Techniques
Available to us are the facilities of Professor Djerassi's
laboratory for work requiring additional spectroscopic data. Also
agailable on a fee for service bhasis are extensive spectroscopic
facilitias (NMR, I.R., and U.V.) of the chemistry department.
These woull be utilized for collecting additional data on
particular structure problems and gathering data on known
~ampounds {particularly in the area of 13CMR) as the AI programs
haznama knnavwledgable about other spectroscopic information.
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h. Chamical Facilities
The 3taff and facilities of the chemistry department represent
substantial synthesis capabilities and general chemical know-how.
This re2source can be called upon to provid2 assistance ir
synthesis of model or labelled compounds, derivatization of
nixtures, and so forth, For example, a graduate student in
~hemistry is presently engaged in thesis research dealing with the
laboratory synthesis of a new 2strogen metaholite strongly
suspacted *o be a component of certain pregnancy urines. The
nraviously proposed structure of this compound was one of the
~andidate structures inferred by the planner in a study of
astroger mixtures ({11-dehydroestradiol-17-alpha, ref. 33).

4. Us2r Community
Rcondmic utilization of existing and proposed facilities can be
realized by sharing them with a2 community of users. Lacking
supplementary funds that would be needed for a comprehensive,
naior service facility, this community will include the following
yroupns, but will be informally available %o others.
A. S*anford Community
i) Stanford Chemistry Department (except for Hodgson, all

are heavily supportel by the NIH in t+their research efforts)

Latters of interest are attached to the proposal
in Appendix A.

Prof. C. Dierassi - Steroids, marine sterols

Prof. W. Johnson - steroids

prof. E. Van Tamelen - steroids, triterpenoids, other
natural products

Prof. H. Mosher - natural products (e.g., marine toxins)
Prof. K. Hodgson - biological ligands, ligand-metal complexes

Prof. J. Collmarn -~ cytochrome P450 mndels
iiy sStanford Medical School Collaborators

The fnllowing research proijects in the Stanford
Biomedical Comrunity will furnish samples for mass
spactrometric analysis under the present proposal.
Attach=sd to this proposal (Appendix A) are copies of
the letters of interest in the propossd facility
racaeived from the principal investigators of these
arants.

Pr. James R. Trudell, Devartment of Anesthesia,

Stanford University School of Medicinz. Drug

metabolite identification in humans.

Dr. Irene S. Forrest, Biomedical Research Laboratory,
Veterans Administratisn Hospital, Palo Alto. Drug
metabolite identification in humans.

br. I. Rabinowitz and D.I. Wilkinson, Department
of Dermatology, Stanford University School of ’
Medicine. Prostaglandins.

Prof. Fugene D. Robin, Department of Respiratory Medicine,

stanford Uriversity School of Medicine, Ratio of
NAD+/NADH in cells by measuring ratio of oxidized
to reduced redox pairs.

Dr. lLeo E. Hollister, Veterans Administration



Hospital/Depar+tment of Medicine, Stanford University
School of Medicina. Mstabolism of Marihuana.

Dr. Hiram H. Sera, Pharmacy Devpartment, Stanford
University Hospital, Drug Identification.

Dr. Sumner M. Kalman, Department of Pharmacology,
Stanford University School of Medicine. Drug and
drug metabolite identification.

Dr. Jack Barchas, Department of Psychiatry, Stanford
University School of Medicine, VNeurotransmitters
and. related compounrds in man.

Pr. Keith A. Kvenvolden, Chemical Evolution Branch,
NASA Ames Research Center, Mountain View, Calif.
Amino acids, acids in geochemical samples, structure
of products formed from electrical discharges in gas
rixtures.

Dr. William R. ¥air, Department of Urology, Stanford
University School of Medicine. 1Identification of
the prostatic antibacterial factor; polyamines
{putrescine, spermine, spermidine) in body fluids

of patients with prostatic carcinoma.

Basilas the user proijects just summarized, other major prospects
are in sight. At the time of writing, the chair of pharmacology
is vacant. Conversations withk the leading candidate have
indicated 1 deep-seated interest in GC/HRMS as the principal
analytical tool for broad ranqging studies of drug metabolism in
nai.

B. Extramural Users
The development of the technigunes of ORD, MS and MCD at Stanford
has beer paralleled with extensive sharing of these resources
natioson- anl world-wide in collaborative research efforts, without
any a1dditisrnal funding. TRather than provide routine service,
axperiance has shown that discretionary selection of probleas
rasults in better utilization of our peopl= and instrumentation
resonrces. We would extend this provision of services including
available conmputer programs, to a limited number of extramural
nsears, Note, for example, our successful collaboration with
prafassor Adlercreutz, Meilahti Hospital, University of Helsinki,
5r tha identification of estrojens from bodvy fluids utilizing the

ATl planning program {ref. 33).
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z Relatisonship to AIM-SUMEY and the 5Senecetics Hesearch Center

~

Tha presant application is strengthened by two research proijects
related to, but not overlapping, the proposaed research of this
Jrant,

1) ATY-SUMEX (NIH BR-00785, Oct. 1, 1973, thru July 31, 1978,
Principal Investigator, J. Ledzsrberg). This is a resource grant
*o es*tablish a national facility for applications of artificial
intelligence in medicine (AIM). Our own use of this facility will
inzlui=2 SUMEY PDP-10 computer time and file storage necessary to
ran the DENDRAL artificial intelligence programs. This support
will b2 furnish=23d without charge to the present proposal. It
~epresents an annual investment of about $100,000 in computer time
27uivalent value.

The ATM-SUMEYX computing facility is shared egqually hetween a
naitional user community {AIM) and a Stanford Medical School
zammunity. The DENDRAL research will he supported out of the
Stanford portion. The ATIM service will be administered under the
oolicy control of a national advisory committee and will be
imolem2nted over a national computer n2twork. AIM-SUMEX provides
the me2ans for mambers of the national user comnmunity interested in
structure 2lucidation to access the DENDRAL prograns.

2} 3enetics Research Center (NIH PO1-3M 20832-01 - approved by
the NI3ZMS Council, awaiting funding, Principal Investigator, J.
Ledarberg). This research proposal is a comprzhensive grant which
would snpport interdepartmental research at the Stanford *Medical
35chool in Yedical Genetics, Pediatrics and other clinical
apdlications. A section of that proposal concerns the use of
3C/LRMS for screening body fluids for evidence of inborn errors of
matabolism. (This project grew out of the initial DENDRAL grant,
on2 o2f the research goals of which was the analysis of body fluaids
using 3C0/"S). This research on inborn metabolic errors will be
zondacted Jointly in the Stanford Departments of Genetics and
Pediatrics using existing eguipment {Finnigan 1015 Quadrupole mass
spactrometar, Varian RAerograph GC and a PDP-11/20 based data

systen).

¥2 appreciited the value of GC/HRMS analyses of selected extracts
5>f body flaids (i.e., those containing metabolites not identified
vy routine2 GC/LRMS data) when formnlating the Genetics Research
Zeatar provosal. Accordingly, a small amount of funding was there
ragu2stal fFor racording selected GZ/HRMS data on the GC/Varian MAT
711 mass spectrometer in the Department of Chemistry. If these
funds are awarded, we will negotiate with NTH a suitable
slimination of this minor overlap with the present budget.
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Ir. SPECYIFTC AIMS

Frh> specific aims enumerated in this szsction will be pursued in
th2 highly inter-disciplirnary manner that has characterized the
DENDRRL project from the start of its NIH support. The aims are
not iisdoint,but interactive apd inter-dependent. For example,
the power of MS and, potentially, other spa2ctroscopic techniques,
zan b2 2nhanced by the use of computer programs to perform various
asnects of structure elucidation and theory formation. From the
stanrdpoint of computer science, one meisurz of the utility of
techniques of artifizial intelligence is how well they perfornm in
r21l-world applications. It is necessary in the development of
th=s2 programs to have a sourcz of data and informed, involved
tean-mates able to criticize m2thods and results. The aims are
slabosrated in the methods section.

e have attempt2d tn keep the proposal to a readable length.
Therefore, some detail has been omitted. However, many details
=an b2 found in the biliography and we are preparel to provide
343itional information during the site visit.

1. Enhance the power of the MS resource.

The =2xisting MS resource, together with cormputer programs which
2xist ar waich are proposed (sz2e Aim 2, below), is capable of
solving some of the structure 2lucidation problems of the user
community Jiven computer support for data collection and
rednction. We refer speacifically to the areas of GC/LRMS and
s>2tin=, batch HRMS samples, We believe that many of the problenms
of the user community reguire mors powarful technigues (see
Section IIT). These techniques, specifically GC/HRMS and
Ssni-automatic metastable defocussing, can be provided with a
minimum of cost and effort, thus enhanzing considerably the
capihilitias of the resource.

dur first aim is to provide the resource with adeguate computer
suppart (replacing the previous ACME system) to enable collection
1nd reduction of mass spectral data including low ard high
r=solution scans and data or dofocussad metastable iomns.

#> nropose to develop this computer support in the ways described
selow. (these aims are written to include the work necessary to
imolement the extended PDP-11/20 computer system. A description
5f the rationale for this choize is provided in Sectior III.A and
th2 specific angmentations in the Budget Justification).

a) Convert axisting, proven data acquisition and reduction
nrogramns from the PL/ACME larguage into Fortran, consistent with
tins-criticzal assembly language programs for data acquisition and
instrument control. These projrams will be written in Fortran to
anhanz? zompatibility with *the computer systems of other users of
such packajes.

B) My>dify these programs, as requirei, to handle acquisition and
reduztion of fraquent nr repetitive HRMS scans with selected
instrument performance feedhback to the aperator, and to take
advantage 5f the expanded cavpahbilities of the extended 11/20
systam. Prototype GC/HRMS systems have bhean develosped at Stanford
1ind =21seawh2re, but this type of facility {(in contrast to GC/LRMS)
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now available to the Stanford community. When this systen
lop2d, service will be availabla to the Stanford comnunity
earch collaborators and, if our resources permit, to any

oa
Vo

ist reguesting assistanc2. In many instances this type of
1laboration will require far more involvement of convergent
interoasts, efforts and skills than mersly running samples on
request. We bave in mind the chemical and eventually biological
irterpretation of the analytical data as a matter of joint
zoncarn, as appropriate.

Gl Ul sl e e

4

We have previously illustra*ted the advantages of high resolution
n1ass spectral data in the computer analysis of mass spectra {e.g.,
ref. 28). Also, we have previously shown that the same program
canr d=2al with analyses of mixtures without prior separation
aspecially when additional data (e.g., from selected metastable
efsz1ssingy experiments) were provided (Ref. 33). We wish to use
the M5 rassurce and the computar program ian further studies of
rixtures of compounds which are difficult or impossible to
separate by GC. The advent of routine systens for high pressure
liguid chromatography have made many of these separations
possible, but the liquid chromitograph is not presently inter faced
to thes MS.

Many of th2 problems of the user community require analysis of
zomplex mixtures which are amenable to treatment by GC/MS
technignes. VWe feel that where sample quantities permit,
acyunisition of GC/HRMS data is highly desirable, These data can
ke providai by the resource supplement2d with computer support
{abova).

Wa propose to continue tests of the GC/MS combination, operating
arier modesrately high mass resolutions (5000-10000), to define in
12t3il the optimum operating conditions of the GC/HRMS
combination. This will provide the necessary information on
maximum practical sensitivity to be expected. This information
zan thken he used in collahoration with the user community for
sample prenaration.

Tha 32/HRMS system would normally be operated at reduced mass
spactromater resolutions to maximize sensitivity. We have
axisting multiplet resolutior programs to increase the resolving
power of the MS. We propose t5 provide the multiplet resolution
pragram with heuristic guidance based on compositional variations
inferred from molecular ions or other singlet peaks. For exanmple,
3 resolviny power of 10,000 is barely sufficient to resolve ions
which Aiffar by CH2 vs. N (delta m = 0.012) for ions of about mass
17). Rlthough it will resolve CH4 vs. O doublets {delta m =
5.037) at this mass, it will nd>t resolve closer doublets such as
T3IN vs. H203 (delta m = 0.003). We can provide exhanstive
tabnlations of multiplets by mass separations ({based on ref. 30)
+hich can be us2d by the multiplet resolution program.

We have praviously indicated the power of metastable ion
information in the operation of our programs for structure
2l1~7idation {refs. 28, 33). He have extend=d one of our programs
(the MS pradictor program) to propasse metastable defocussing
sxperiments in order to avoid collaction of unnecessary data {see
Ain 2, b2low). Blthough we can cnllect these data (Barber-Elliott
techniyue) manually on our existing Varian ¥AT-711 MS, this is an
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axzeadingly wasteful operation, both in terms of sample
~onsumption and tims. We propody>se to implement some auytomation of
collectinsn of these data on metastable ions. We also propose to
hayin preliminary irnvestigation of altz2rnative modes of metastable
insn deatermination {see Methods (Sec. ITI), helow).

2. Dasvelop performance and thesory formation programs to assist
in the solation of structure elucidation problems in hiomedicine.

Toupater programs have already been written for analysis of low
and highk resolution mass spectra, for genesration of acyclic and
zyzlic molacular structures, for labelling structural skeletons
with atoms, for analyzing 13CMR spectra of amines and for
interpretation and summary of large volumes of data gathered on
molel ~ompounds {(see Fxisting Zapabilities above, for references).
We wish to increase the utility of these programs by providing
intearactive facilities that allow easier access to them, by
increacing their gererality ani power, and hy supplementing thenm
with new r2asoning programs.

Parfoarmanca Programs:

The current structure generator program will be subjected to
furthar Aatailed tests befors usiny it for structure determination

nrohleas.

A nav algorithm for generating cyclic skeletons {with
10 multiple bonds) will be projrammed and checked. The algorithnm
is written and informally prov2d. A formal proof will be devised
1s w211, This algorithm represents one very powerful approach to
the problem of implementation of constraints, as discussed in the
following paragraph.

The generating programs will be modified to allow isomer
Jeneration within constraints. Different kinds of constraints can
b2 inferred from different kinds of spactroscopic data. We intend
tn give tha program knowledge of a variety of these.

The Planner programs that infer constraints from mass
spectronatry data will be broadened to include additional
krowledge about the spectral hehavior of classes of compounds of
raleyance to the NIH-sponsored research of the user community. In
3ddition, #2 will add the capability for utilization of
information abont chemical isolation procedures (e.g., one expects
1cidiz and neutral compounds in solvent extraction of acidified
body fluids) and relative GC retentior times (e.g., to admit the
possibility of homolognus series).

¥a propose to implement a more general method for
inferrirg the idantity of the molacular ion whether or not this
appeirs =2xplicitly in the spectrum. This information is important
for the successful operation of the structure generator and the
planier. We want the program to use whataver information is
available and not depend, as it carrently does, on having
knowledge of the structural class together with inference rules
for that class.

Tnterface routinas will be written to maks it easier for other
scientists to use these programs. We have to wait for an
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irteractive systepm refore starting this:s AIM-SUMEX will be ideal.
Irpat/outpat routines will be crucial to easy use of the systen.
Hayavar, we also want £5 give users the facility to understand the
systam's reasoning steps so they can take advantaqge of it.

Tn additicn to making the computer programs available through
ATM-3¥EX, we would like to translate parts of the LISP code into
another lanqguage - for reascns of both efficiency and
sxportability. We have talked with computer professionals at IBM
Resaarch Canter about using th2 APL language. FORTRAN, ALGOL and
PL/1 are other languages whose merits for our purposes we will
2xplora.,

%2 wish to continue a low-level of effort on computer
programs that interpret other kinis of spectroscopic data.
Planning programs similar to the MS Plarner could be written for
antomatic analysis of data from other spectroscopic
tezhniguas{e.q., IR, UV), as we have illustrated for 13CHR (ref.
39y,

Tha structure generator's view of chemical structire is
topological and is presently unconstrained by bond lengths and
anjyl2s. Because stereochemical considerations are frequently
important in structure =2lucidation, we propose to bhegin
consideration of stereochemistry in the structure generation and
cvaluation processes.

A projram with detailed knowledge about information
ahtainable from various spectrascopic techrigues could be written
to> exanine a list of candidate solu*ions and propose experiments
necessary and sufficient to distinguish among them. The program
would reprasert an extended Predictor (e.qg., ref. 27). We have a
first version of a program that suggests Ycrucial" metastable
p2aks to ha sought in order to distinguoish among candidate
structuras. Work on this proqram will continue at a low level of
activity, possibly expanding into areas other than MS. One topic
w2 will continue to pursue is our collaborative effort with Dr.
3i14a Io2w, Genetics Department, on thz potential application of
molecinlar orbital theory to pr2diction of mass spectra (ref. 71).

Thanry Formation Progqrams:

The rile formation program {RULEGFEN) will be extended so that
i+ can search a larger space of rules. Present a priori
so1straints on the rule generation give us a search reduction fronm
tens of millions to a thousand possibls rules. Even though search
hai1ristizs now allow efficient search 2f these possibilities, wve
want +5 be able to deal with much larger spaces efficiently, as
wh>1 tha namber of primitive predicates is drastically increased.

The BRULEGEN program will be modified so that complex
fragmertation and rearrangement processes are manipulated nearly
as ea1s3ily as simple fragmentations. The program currently finds
fra ymentation rules involving one or two bonds, possibly followed
by hyvdrogea migration. In the case of cyclic =systems such as
astriyagars, however, the program must be able to work with sets of
t hre2 or more bonds irp some cleavagsas.

Interiactive programs will he provided or AIM-SUMEX for the
invastigatyr to guery the rule generation program. For example,
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many questions now arise about the program steps by which the
progran infers the rules it sujgests as explanations of the
ragnlaritisas. Why, for example, was some particular rule not
considerad plausible?

New data will have +o be selected in order to test the rules
and to differentiate among competing rules. ¥We will Write a
prograr that sujgests new experiments (i.e., new data to obtain),
depending »>n the nature of the existing rules.

The t2st phase of the theory formation program will be
written as an evaluation function of each rule against new data.
Tnsofir as any new experiments are "crucial'" experiments, the
avaluation function may merely reject a proposed rule. Mostly,
1owavaer, riles will have to be evaluated against new data along
manv dimensions: fregquency, strength of evidence, uniqueness,
simpli-ity, and the like.

?o wish to experiment with the whole theory formation program
to A=2termine the critical aspects of our desigr., For example, {1)
how sensitive is the prograr t> discrepancies, inconsistencies and
arror3s in the data? (2) how well can the program find rules
within a slightly different moiel of chemistry? (3) how well can
the progranm perform with one pass through the data, or several
passes? and (4) how critical are the principles of theory
formation?

3. Apply the structure elucidation techniques - both
nstrumentation and computer proqgrams - to biomedically relevant

in
compounds.

Jur own interests are in eluciiating the structures of, and
arnierstanding the MS of, marine sterols, hormonal steroids, and
compounds isolated from human body fluids that can be associated
with gz2na2tic disorders (from research in the GRC). In addition,
w2 will be working closely with members of the Stanford Medical
Schyo1l and Chemistry Department - in particular those mentioned
ahyve {Section I.B.4) - on their structure elucidation problems in
whizh MS will be used. RAlthough most users cxpect to require HRMS
and 3C/HRMS data, some of their problems will be attacked
ntilizirg 3C/LRMS techniques and library search through {usually)
restrizt2d libraries of mass spectral data. We propose to
investigate som2 extensions to the technique of library search
{s2e Methnis) to complement our existing and planned DENDRAL
prcqrims. We plan to continue our exchange of mass spectral data
and library search information as we have previously done with Dr.
S, ¥arkey (University of Colorido M=2dizal School) and Dr. F. W.
Yclaffertv (Cornell University).

Ps in the past, attention to new biomedical research problems will
lead to increased capabilities in the computer programs. We
reynir> close communication with the p=ople engaged in the
research so that the programs actually assist the researcher while
increasing in power. <Collaborativa proposals have come out of
snzh past DENDRAL sponsored work, for example, large portions of

t he 53R8C proposal and a proposal for 13CMR research.

W> onvision the interaction and collaboration with the user
sommunity +o involve the following:
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a) In all cases, we plar close cooperation with the users in
111 aspects of the problem. Although the hasic isolation
procedures are the problem of 2ach investigator, his knowledge of
tha available facilities and their limitations can be an important
311 to sample preparation and analysis of the results. This is
narticularly true for collaborators who are unfamiliar with the
techniques of HRMS ({e.g., sample size and resolving power
1mrz2s5s3ary to separate the mass doublets that can be realistically
nxpestod in different contexts).

b} The needs of the user comnunity will be varied. Drs. Duffield
and Smith #ill, in collaboration with the users, determine the
kinds nf MS experiments which will be most useful, considering
sample complexity, stability, guantity, and so forth. We wish to
ntilize fully the existing ressurce and our proposed extensions,
hringing *+> bear on a prohlem any techrigus which is appropriate
and zan b2 provided. This will include the full scope of
available eyxperimental techniques in MS (LRMS, HRMS, GC/LRMS,
3C/HRMS, matastable defocussing, ultra-high resolution mass
neasirement s) and available computer programs (see below).

c) Many problems will be amenable to treatment by computer
programs which exist or which will be developed, for example,
structural isomer problems or HRMS interpretation on compounds in
3 well-understood class. We will take the responsibility for
agtilizing these programs where appropriate to assist in structure
slacidation problems. We will instruct meabers of the community
in use of the programs when programs are used routinely by
cnllaborators.

S/



ITI. METHODS

¥nlezular structure elucidaticoa entails the intelligent and
natient application of a large body of krowledge to each specific
prablen. The importance and relative difficulty of the problem
impel us *o seek the powerful assistance of computer programs to
h2lp chemists in their analyses. Tt is unlikely that such
prograns will ever replace chemists, especially because computer
programs are readily written only to focus on rather narrow
aspects of problems. Nevertheless, our past research is
rerasonabhly forwarded as a demonstration of the computer's ability
t» assist in practical biomolezular characterizatinon although this
was 1 spinoff from theoretically oriented research.

In nrder +7 meet the major nbjectives of this proposal we will
fazus our attertion primarily on structure elucidation of
biamedizally important compounds through MS and AI. However, many
of the computer programs can already use information from other
analytical technigues. Sn we want to be abla to think of
struczture 2lucidation in the context of an ensemblz of analytical
capabilities.,

A, Enhancing the Power of +he Mass Sp2ctrometry Resource

Wo have developed a significant resource consisting of
instrunentation ({the Varian ¥AT-711 and ancillary equipment) and
conputer programs for instrument =2valuation, data acquisition and
reductinon. Routine reduction »f high resolation mass spectra to
slamental compositions and ion abundances without human
intervention provides the capability for efficient handling of
large volumes of high resolution mass spectra (such as will result
fFrom 3Z/HRMS runs). The development of the GC and of the GC/MS
~mambinatiosl is in the excellent hands of Ms. Annemarie Wegmann,
who is responsible for operation of the complete system. We now
haye mor> than two years of op=2rational experience with the MS,
tha 3C and related equipment under a wide variaty of experimental
=onditions.

¥ana2 2f the resource-related research discussed in this proposal
~a1 b= carried out without significant quantities of mass spectral
13ta. The existence and extensions of the MS resource, the
Aayelspment of computer technigques and the applications to
biomedical problems demand an 2fficient mechanism for acguisition
ind reduction of MS 3ata, and eventnal transmissinn of the data to
the SUMFY resource. Thus, opsration of the MS requires
substartial computer support tn deal with the large volumes of
4a+a proluczed by the syster at high data rates. We feel that a
properly confiqured system of hardware and software should
provide, at a minimum, the following capabilities:

1) Detailed avaluation of the condition and performance of the
¥S prior +5 recording data on valuabhle samples, with feedback to
the opsrator.

2) A coordinated system of hardware and software for signal
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sonditioning, peak detection and peak analysis.
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3) Data reduction techniques based on a compnted (not theoretical)
1332l 53f the MS, including prak shapes, mass/time function, and
resolving power as a function of mass.

4) Peak profile analysis for multiplet detection and resolution.

5) Conpiter control of scan rates, clock rates and optimum
1n2log anrd digital filtering parameters.

5) Some on-line feedback, t» the operator, assessing the
parformanca of the svstem during an experiment.

7) Tha system must deal with frequent or repetitive HRMS
zans, raguairing the cavahility for rapid storage and analysis of
larges volumes of data.

Pravious support of our research by the NIH and NASA has given us
3 firm foundation of programs and experience, We have, up until
the termination of the ACME computer facility (July 31, 1973) ,
jamonstrated capabilities 1-5 abova. We were precluded from
pirsuing capabilities 6 and 7 duae to the configuration of the ACME

facilitv.

The 1omise of the ACME computer facility and the subsequent
inzorporation of the PL/ACMFE language in%n a new IBM 370/158
facility nnder Stanford auspices has forced a reevaluation of the
means for providling HBMS laboratory computing support. We had
oraviously depended exclusively on ACME for data reduction
pro-a2ssing. The ACZME transition poses both technical and fiscal
i27isions in that the real-time support capabilities of the new
facility will he different from ACME's and the fee for service
basis of the facility reguires an explicit budget allocation for
its us2. Previously we had received ACME computing support
with>ut charge as part of the core ressarch effort. Since we were
thus raguired to revise our computing plans, we have explored a
numhar of options for near-*term as well as longer term solutions.

As nutlined in the attached arnual report, we have chosen an
intarim approach (through the end of the carrent grant, 4/30/74)
which minimizes near-term costs, including hardware and software
=o1varsiosns as well as operating expenses. This approach entails
connecting the MAT-711 spectromet2r to the 370/158 computer
through an IBM 1800 interface. It allows use of the existing
>L/ATME programs but will have real-time response limitations at
l2ast as sa2vere as ACME had {which is inadequate for either
37/LRMS or GSC/HRMS)Y. Our existing computing budget provides for
3nly a very low level of instrument utilization in this mode.

For a2 lonasr term sclution these constraints are unacceptable.
“urrent estimates are that continued use of the inadequate
1300-370/158 connection and PL/ACMF int=2ractive programs under
full instrument productivity would cost up to %4,100 per month,.
Threz alternatives have heen investigated for improving technical
nerfarmance and redncing cost. This review has resulted in our
surrant proposal to augment th2 existing mini-computer system
(PPP-11/20) with local storage and arithmetic capabilities. This
stand-alon2 system wonld not support real-time, on-line data
reduction but would allow routine data acquisition and instrument
per formanca2 evaluation, followed by off-line data reduction.
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Alternativas considered include:
1) Modifi=2d 370,158 Connection

#o discussad with personnel in the Stanford Center for Information
Processing (SCIP) various apprdaches for improving 375/158
service, Detailed planning is still under wayv within SCIP in
rayard t> real-time support anil future pricing policies. Thus the
fsllowinrg zonclusions are tentative., It appears that the
long-tarm cost woul? be prohibitive to continue real-time data
asguisitior by the 370/158. Insteil, 2 store-and-forward systen
was proposed. This would entail an augmentation of the existing
pnP-11/29 front-end mini-computer with memory, disk, tape, and a
now interface to the 370/158, totaling about $28,000. This
approach is workable, if limited near real-time instrument
nerfarmance evaluations could be made to assure satisfactory
instrument setup and data acquisition. It was recommended that
thn existing software be converted from PL/ACMF to a more
>ffizient language {such as FORTRAN) to reduce operating costs.
This would require approximately 4-% man-months of effort. The
resultingy decrease in operatiny costs could not be estimated in
tine for this proposal becanse the new SCIP pricing policies are
ot formulited and inadequate 370/158 systsm analysis tools are
yparitional to svalnate our benchmarks in terms of detailed
resource consumption. We have therefore budgeted an approach
hised on the remaining two options with the understanding that we
will reconsider the SCTP option before proceeding with an
implenentation should this proposal be funded.

2) SUMEX

The racently approved AIM-SUMEX PDP-10 facility will provide
nazassary computing support for the development and use of DENDRAL
AT programss. The S laboratory prnduces data which these
programs aralyze and thus has a close relationship to the AI
research. The SUMEX computer could help in the off-line reduction
5f iastrumant data, particnlarly duringy the early stages of the
proj2ct when the machine load will be relatively light (20-25%).
The present programs would require conversion from PL/ACME as in
sptisn (1), which would take 84-6 man-months. Such computing may
usa from 15-30 minutes of CPU time per day, depending on the
amount of 3C/MS work. While this approach saves operating
somputing costs, the front-end PDP-11/20 wonld reguire
yugmantation as in option (1) ($28,000) to allow store-and-forward
speration with subsequent off-line data reduction on STMEX. This
is nea2ded because SUMEX is not configured to allow real-time
acguisitior of the volume of data anticipated. This approach,
vhile the least costly, wonld entail a measurable use of the
PDP-10 resources which we feel are better reserved for the
i1tanded AIM-SUMEX applications. 1In addition, because of the
prioritizs articipated for allocation of SUMEX to AI research,
particularly as loading ircreases, schedulirng may be required
which will constrain the MS laboratory operation. For these
reasons, w2 feel a better, even though slightly more expensive,
ipproach is a stand-alone PDP-11/20 data reduction systen.

3) Stand-alore PNDP-11/20
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Tk auamantations of the existing front-end PDP-11/20 required for
store-and-forward operation in conjunction with the 370/158 or
with SUMEY, come close to meeting the needs of a stand-alone data
systeam., In addition to the memory, disk and tape, an augmented
arithmetic capability is needed to allow rapid floating point
salcnlations. A special devicz for this purpose costs about
%7,500. The SUMEX interface can be less sophisticated in this
case, however, accoun*ing for the much lower data volume after
reduction, so that the total cost of thke stand-alone system would
he %34,000, As with the other options, conversion of the present
programs wonld be reqguired.

This approach, while slightly more exvensive, has the advantages
2f nff-loaling all data loggiry and redunction functions from SUMEX
a2l affords an adequate capacity for non-real-time, stand-alone
lata reduction on the PDP-11/20, It furthermore allows more
freedior and responsiveness ir the operation of the MS laboratory
since data collection or reduction can be scheduled without
worrying about the impact on RAIM-SUMEY users. ¥e therefore
arypnse and have budgeted ar augmantation of our existing
mini-computar system as a stand-alone Jata reduction facility.
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rte biomadical community (see Usar Community, Sec. I.B.U4 above)
i=siring access to our facilities for structure elucidation have a
variety of problems, some of which can be solved by existing
instrumentation and computer techniques, as noted above. However,
many problems consist of complax mixtures of compounds where
inilysis by conventional GC/LRMS does not lead to urambiguous
321lations, and separation of components on a preparative scale for
sther spa2ctroscopic aralysis is 1ifficult (=.g., Se2e marine
starals, section D, below). These problems are amenable to attack
by a system comprised of a GC/HRMS combination, the GC providing
saparation, coupled with the MS operating at high resolution to
provile 21>mental compositions. Thas, apgrading of our current
system so that GC/HBMS data can be provided on a routine basis is
3 desirabla, and we believe necessary, st2p to solve mary of these
prohlons.,

~ re

¥2 propose to continne the development of the 3C/HRMS system while
raintaining existirg capabilities of routine HRMS analysis and
3C/M3 whera this efficiently responds to local needs. Many
nembers of the user community will require in addition to GC/HRHS,
HPMS analvsis of relatively pure componnds or mixtures of small
ai1mhers of compounds. We will provide this capability on an
interim hasis, using Stanford?'s IBY 370/158 system while the PDP
11/20 systam is being upgraded.

We wara able, using the ACME computer facility, to start
svaluating the operation of a GC/4S system at high mass
rasolutions. These experiments were hampered somewhat by the
linitations of the computer system used to acquire the data (only
sczasiosral, single scans wers possible); they were necessarily
jiscontinu=d {as well as all HPMS operation!) npon the termination
>f ACMF. We do have, however, some benchmark figures for the
serformanc2 of the propossed system. Mixtures of fatty acid esters
{2.9., methyl palmitate and methyl stearate) gave good guality



rass ma2asurements {(+-10 ppn) over a dynamic range of 100:1 for
sample sizas of the order of 0.5-1.0 micrograms/component during
10 sex/d2cade in mass scans {resolving powers 5,000-8,000).

we are haltingly continuing our evaluation of the GC/HRMS systenm
aven without a data system, making measur=m2nts on individual ions
3»f +he mass standard and known materials in the GC effluent.

Thase data can be approximately translated into expectations
iuring dynamic scarning. ¥We have performed an extensive series of
moasurements orn both methyl stearate and cholesterol (not
jerivatized), the latter compound being more representative of our
~nurr=1t research vroblems. These measurements tend to confirm the
sraliminary data described above. Firmer data will be available
suhsequent to the submission of this proposal.

Wa prorose to operate osur existing GC/MS system under high
resnlution conditions aiming toward optimization of resolving
prdors, scan rates and GC and molecular separator operating
carditions to datermine the maximum usable sensitivity of the

systan.

¥> racognize that the ultimate sensitivity will not approach that
ittainable by photographic methods of recording; we feel that the
ability for on-line operation and evaluation of the operating
conditions of the MS partially offsets the sensitivity
iisadvantajes. We realize that some structure elucidation
problems will not be amenable to study because of the sensitivity
limitatinns: we feel, however, that many problems of interest to
tha Us2r Community can be studied effectively with this
performance capability. Rather tharn propose a research program to
irsrease tho sensitivity of high resolation mass spectrometers
(e.q., Mclafferty, =t.al., Aral. Chen., 44, 2282 (1972), dynamic
~eszanning of peaks; Jet Propulsion Laboratory - chemical
multipliar emission/detector arrays, private cormunication to T.
Rindfleisch), we propose to identify our limitations and, with our
z51llaharatyrs, use discretion in selecting and preparing samples.

Further aczalerations of technical capability to meet the state of
+ha art ir sensitivity will require investments in hardware that
=an ha hetter justified at a later stage of a successful facility
progran . Meanwhile, other lahoratories can be e=xpected to nake
significant contributions to *this important problem. Practical
rayard for budget limitations is the main reason we do not press
this igsue ourselves at the pra2sent time.

5ignificant improvements in sensitivity (with only small decreases
in mass measurement accuracy) can be achi=ved by operating the MS
a1t reduc=2d resolving powers coupled with intelligent analysis of
tha rasulting data to detect and resolve the potentially greater
aanter of sverlapping peak envelopes. This proposal is not
antiraly new ({e.qg., see Smith, et.al., Anal. Chem., 43, 1796
{1371); Burlingame, et. al., in "Computers in Analytical
Chemistry," C.H. Orr and J.A. Norris, Fd., Progress in Analytical
“homistry, Vol. 4, Plenum Press, New York, N.Y., 1970, Chap. III).
¥#e zan, however, significantly extend these earlier techniques by
1tilizatiol of our multiplet ra2solution algorithm. This algorithnm
amhoiied in a computer program, has been shown to increase the
effective resolving power of the MS up to a factor of three., It
hases its »neration on a dynamic model of peak shape computed
jirestly from the data. For computatinral efficiency and to avoid
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spirious information, this algorithm would be best implemented as
1 post-processor, basing its search for multiplets on the results
2f prisr elemertal composition determination.

“he a%ility to detect and analyze for nnresolved peaks is mediated
by consideration of the mass msasurement accuracy of an MS systen.
Thess svstams are capable of d=termining peak positions ({and thus
rass2s) to a small fraction of thz2 peak widtbk. The high accuracy
a»f such reasurements (+- 2-10 ppm) can, in fact, be utilized to
1atest and Yresolve" multiplets in instances where the unresolved
sp2zies ar> known precisely (see Burlingame, et al., ref. above,
far 9 vs. 13C doublet detection and resolution).

Fo>r instances where the hetercatom content of a molecule is known
5>r where the possibilities are reduced severely by chemical,
spectrascainic and mass measurement heuristics, there may be a
rarqe of possible overlapping ions resulting from fragmentation of
the molezula. These potential overlaps may be computed and then
used (in csmbination with the knowr resolving power and mass
1easuremant accuracy of the MS and the measured mass of the peak,
1ssuming it was comprised of osnly one type of ion) to direct the
aultiplet resolution program.

As an example, we have computel the possible mass doublets for
virious ranges nf compositions (Lederberqg, et al., to be
sublished). A sample table for C, ¥, D =<# is appended {Table 1).
Inly 28 of the 364 possibilities are shown, namely those whose
rass difference {e} <.05 mass units.

Nf thess 28, 13 show e>.03 and would bhe fairly easy to resolve,
ra27uiring 175000 resolution at MW=150.

i1t the othar extreme, 5 doublets show e<.01 {CN4 vs. HUO04; C2HZ20
vs. N3:; Z2¥2 vs HU023: C3¥ vs H223; and T4 vs H2N02) which would
1emand spezial treatment for resolution.

The 10 doublets for which .01 =C e =< ,03 pose the interesting
chillenges for tradeoff 0f resoslution vs. sensitivity in the
contaxt of given problems. For example, if ¥ is absent, the only
arbiguities are C3 vs. HU02 {e = -,02) and C4 vs 03 (e = .015).

»n1~2h a3 we would wish always to have unambiguous empirical
formulas for all ions, HRMS remains a valuahle tool despite these
limitatiors. As shown by theses exaaples, =2ven roderate resolution
reduces the numbher of candidatss t»> a manageably small number of
3lternativas., Contextual and intarval data (within the spectrum)
zan 02 us2l to trim these further at two levels: (a) pooling of
s2ak statistics to sharper decision probabilities on the presence
2»f haternatoms -- the fraqments are subsets of the molecule and
(b} the assemblage of candidata solutions under each of the
alternative formulae. Manifsstly, computer processing can sort
yut branchas of decision trees that would soon exhaunst human

patience.

Thesa heuristics are built ints the DENDRAL programs {solutions
hasel on fragmentation theory), but are also applicable to table
look-up approaches.

He (ref. 29,33), and others (e.g., H.-K, Wipf, et. al., J. Anmer.
“ham, Snc., 95, 3369 (1973)) kave illustrated the importance of
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netastable ion determinations in automated structure elucidation
based on MS data. Data on metastable ions must be judiciously
sal2cted hecause of the time and sample normally required to
parform th2 measurements. Our programs are now capable of precise
specification of those experiments necessary and sufficient to
jistinguish among a set of candidate structures. We seek more
afficient ways of acguiring these selected instrumental data.

This can be accomplished with minimal cost by developing the
hardware and software necessary to perform (defocussed) metastable
scans and zalculate the data. Much of the hardvare, except an
accurate sensor for accelerating voltaje, already exists. We have
had considerahle experience in peak detection on the software
3i12: the zalculations to deterrmine transitions are simple. It is
assumed that the operator would manually adjust the instrument to
the 13sirs1 "daughter" mass prior to initiation of the scan of
petastable origins (["parents"™) of this daughter,

Tha recent availability of revarsei-geometry instruments has
provided naw methods of metastable defocnssing (e.g., Beynon,
~+,al., Anal. Chem., 45 (12}, 10232 (1973)). We have illustrated
t he power of these techniques in mixture analysis (ref. 69). No
"normal" g2ometry instrument is equipped to perform these
nzasursmants to determine all the daughters of a given parent,
informatioan which is frequently more useful than the converse.
This inforration can be obtained, in principle, by synchronous
variation of two of the three fields (magnatic/ accelerating/
electrostatic daflection) in a very accurate way. We would like
to explore this possibility because we feel that this technique,
if f2asiblz, wonld represent a significant upgrading of the many
stanlard g2ometry, double-focussing instruments in existence.

B. Computer Assisted Structure Elucidation

A3 mantion>d above, some existing programs can be used immediately
fFor structare elucidation problems using MS data. The progranms
have been 1a3scribed in detail elsewhera ani are mentioned in the
sestion on existing capabiliti=ss (Sec. I.B.E, above). The
Planner?s performance, for example, is excellent precisely in the
air=as whara MS, by itself, is capable of d=2finitive structure
anilysis. The general intellectual flexibility of the human
chemist is beyond the reach of plausible programs. On the other
hand, whers the historv of a samples is known, so as to restrict
tha potential classes of compounds and for classes where the rules
3f M5 fragunentation are well nnderstood, the program's performance
ratches that of trained mass spectroscopists, the program also
sffers som2 advantages in its exhaustive and rapid analysis of the
Jata. Many structure slucidation problems of the user community
Fit intn *ais cateqory and existing resources can fulfill these

needs.

Whather man- or computer-implemented, MS cannot solve all
structiare 2lucidation problems, however. Ir such cases, recourse
is to other spectroscopic techniques if sample size permits. As
Angzribed in the introductory section, diverse information is
ni2c2d1 *ogather to achieve a sslution. Interactive computer
programs cin assist in segments of this procedure, with the
advantages of exhaustive evaluation of the data and the molecular

structures suggested by these data.
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Tn our own and in planned cnllaborative work, we will call upon
th> extensive facilities of th2 chemistry department for
acyuisition of additional spectroscopic data. These services are
fiianced by fees, paid from existing research grants of the user
conmunity. There are sufficient documented examples of structure
slacidationr problems to obviate the requirement for extensive use
5f +hese ajditionral facilities in development of the programs. On
tha other hand, the intensive pursuit o>f mechanized "intelligence"
in ths domain of MS regquires more than availability of public H¥S
jata . It requires the collabsration of skilled chemists actively
engajed in practical MS research and, at the same time, committed
to the oxploration of innovations in the application of AI to the
snolution of the problems

As i1 th2 oast, we will develop the computer programs through
=los2 collaboration among Drs. Duffield ani Smith (and other
repbers of their groups) and the progranm designers and
programmers. For us, this means daily ceonsultation for discussion
35f strategy, extensions to the program, andi solutions to new
prohlems. TIn particular, we propos2 to continue software
develovment (on the AIM-SUMEX facility) as folllows:

1) The rezently completed structure generating algorithm will be
the core of our efforts to assist in structure elucidation. The
structurs ganerator can guarantee that the correct solution is
somewhere in the list of possibilities. Additional programs, such
as tha Planner allow us to avoid exhaustive generation in
practice. Some parts of the cyclic structure generator progran
have not b2en esxtensively tested yet, and these tests will be the
first task to complete.

?) The structure slucidation task is strongly directed toward
rejection of whole categorias {e2.g., conmpound classes) of
321l1tisns as quickly as possible by using as much knowledge about
the chemical history or characteristics of a sample as is
available. Details of spectrnscopic data then define the
ndlezalar framework more precisely. Fach step in this procedure
reprosents the application of constraints on the sat of possible
z51ations., Computational efficiency demands that these
constraints be applied early in *the generation process when the
struncture generator is utilized.

¥o have made some effort to examinez th2 kinds of constraints used
hy scientists engaged in structure elucidation. We have begun
jasigning strategies so that these constraints can be brought to
bear on th2 structure generator. Some of thesa strategies involve
niinr changyes to the existing program; others require significant
axtensions of existing generating functions. One approach which
spams particularly attractive to us is presently under
jevelospmant. This approach will utilize the existing structure
jenerator, with some modifications, to generate a dictionary of
cyclic skeletons up to those containing a maximum of twelve
tartiary vartices. The dictionary will be a complete, irredundant
list of ring systems which contain no multiple bonds and no
sut-edges {acyclic parts). This dictionary will be organized and
z2y=21 30 that mary constraints can be implemented easily. The
Jictionary will allow exhaustive specification of ring systems
with inubl> bonds and/or arsmaticity. The rings themselves can be
l1ab2lled with heteroatoms to generate heterocyclic ring systenms,
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o>r with acyzlic radicals to generate substituted ring systens.

The existence of the dictionary will lead to greater computational
afficiency as it needs to be generated only once, and specific
zonfigurations of rings (numbhers, sizes, fusions) can be pulled
immediately from the dictionary.

#2 prapose to continue these investigations so that a reasonable
variaty of constraints can be recognized and utilized effectively
hv a computer program. This rapresents the first step toward
increasing the chemical knowledge of a program which views
molecular structures and +their manipulation as mathematical
entitiss and transforms.

1) Prasent, effective use of the structure generator or its
subroutines for special problems requires a detailed knowledge of
tha proqram. We propos2 to develop an interface between nsers and
the progran to remove this requirement. The interface would
contain elamernts of structare inpaot and display routines and a
simple language for application of constraints. Portions of these
alan2nts are available from other workers (e.qg., Richard Feldwman,
NTH) anrd we would draw on these sources whenever possible.

) W2 prooose that initial efforts will be directed toward a
systam where tha2 scientist examines his own data and inputs his
fia11inags (in terms of allowed and disallowed structural features)
tn the program as constraints. The generator would then provide a
1ist of pdissible solutions to be evaluated, followed by iteration
on this procedure.

5) Many structure 2lucidation problems can be characterized as
1ssenbly of sub-structures inferred from spectroscopic data into
zorplate molecular structures. Although there are two instances
in the literature dA=scribing proqgrams with the capability to solve
this problem {see S. Sasaki, "Determination of Organic Structures
5y Physical Methods, Vvol. 5," F.C. Nachod and J.J. Zucherman, Ed.,
Acadamic Press, New York and London, 1973, p. 285; M.E. Munk, C.S.
Sandan»s, R.L. Mclean, and T.H. Haskel, J. Amer. Chem. Soc., 89,
4158 (1967)), we do not feel these approaches funlfill the
raguirements for generating complete lists of structures and
3vnoiling duplicate structures. We have some strategies to solve
this prohlam, thus extending the scope of the gererator while
tying i+ more closely to the m2thods used by chemists engaged in
structure 2lucidation. Our existing structure generator has this
capability; as long as the sub-structures are connected onrly by a
single tord, ro new rings are formed.

R) W2 wish to implement general rontinss for finding molecular
isns from spectroscopic data in order to improve the general power
>f the Planning program. The current Planning program depends on
naring som> metastable ion information with HEMS data, together
with knowladge of the structural class with special rules for the
class. We will incorporate strategies suggested by Biemanrn (K.
Riamann and W.J. McMarray, Tet. Lett., 647 (1965)) and McLafferty
(R. Yenkataraghavan, F. W. Mclafferty, and G. F. Van Lear, 0Org.
Mass Spectrom., 2, 1 (1969)) for finding molecnular ions, but also
jiva the program the flexibility to use class-specific information
whan available. The procedure will be to use these kinds of
t1formatioar within a general henristic search paradign.

7) Tha seztion on aims indicated 3ome longer-term directions
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which miqght be pursued. O©Of these, we feel that the incorporation
5f threo-dimensional informa*tion into the program is perhaps most
iaportant {e.g., representation of three dimensional information,
molezular modelling including steric factors). Lederberg has
previnusly discussed ways (Ref. 1) in which three dimersional
information car be considered in the generation and representation
of molecular structures. More recently, the work of Wipke (J.
Amer. Chem. Soc, in press; personnal communication) in connection
with computar assisted organic synthesis has provided important
results which we would attempt to utilize to avoid unnecessary
juplication of =2ffort. We plan to collaborate with Dr. G. Loew
{stanford Senetics Dept.) to utilize her available programs on
molezular orbital methods +o da2termine 1local minima for

confarmatinns.

Another longer term goal which we feel is both interesting and
important is tha use of an extended Predictor (which we have
previously described in the context of MS) to assist in
1istirquishing amonag potential solntions to a structure
alucidation problem. We have recently carried out some extensions
to the 2xistiny Predictor by incorporating the ability to suggest
n2tastable defocussing experimants. Purther extensions to include
knswledge ibout other spectroscopic techniques and the information
which can be elicited from these techniques are clearly feasible
and could be a powerful extension to our computer assistance
afforts.,

2. Theory Formation

Jn2 iwportant aim of this project is to improve the existing
thoory formation capabilities and thus provide more assistance to
scientists investigating regularities within classes of compounds.
This is a theory formation task at a very pragmatic level. The MS
rhoasry *hat the program attempts to find is of the same form as
the onz practicing mass spectra>scopists nse for structure
alicidatiosan. Thus, resulting pieces of theory are extensions to
hnth the scientists® theory and the computer's theory of the
jiscipline. To improve this program we need to complete the
Plan-3snerate-Test proqgram that has been started (as described in
tk2 append2d annual report) ard tune it over rany test cases. ¥e
1l1so wish to make the programs interactive and easy to use so that
thay are more readily accessible. This can he done when the
proarams are transferred to the AIM-SUMEX facility.

We plan to apply the theory formation program to two different
kinds of data: (a) the data collected in the interest of
anierstanding the mass spectrometry of a particular class of
zoapounds, as vas done for estrogenic steroids, and (b)
~nllactions of diverse data that may provide some insight into
sore general fragmentation mechanisms. For example, we hope to
fiad general rules analogous to the alpha-cleavage rule or the
stability »f aromatic rings.

The INTSOM program mentioned in Section (I) is the planning phase
yf tha the>ry formation program. It currently runs in batch mode
5rn Starfori's 360/67 computer. W2 wish to add an interactive
monitor to INTSUM to give an investigator the ability to set up
his »wn conditions for interpreting th2 mass spectra and to
~ontrol thz type of summary he wishes to see. For example, if he
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is interaested in the allowable hydrogen transfers associated with
one spacific process the program could be instructed to produce a
very sp>cific summary. 2lso, we wish to add an interactive
proagram for answering qguestions about the results. For exanple,
an investigator should he able ¢to find out easily how many
proc2ss2s involve cleavage of a spacific bond and how strong their
resulting MS peaks are.

The INTSOM program is now used routinely by mass spectroscopists
1t Stanfosrd engaged in investigations of the mass spectrometric
fragmertation of various classes of organic compournds, primarily
steroids. A manuscript is now in preparation (Ref. 54) describing
the fragmeatation nf progesterosne and related compounds. The
program was used extensively in this work. We are now beginning a
12tailed examiration of the fragmentation of steroids related to
th2 androstane skeleton, particularly the bhiologically important
t2stosterones. We propose t5 continue to use the INTSUM progranm
in its present form and as it is improved in support of these
studies.

Th2 g=2nerator of rules that we now have, RULEGEN, does a credible
iobh of explaining the regqularities summarized by INTSUM. It has
found, for example, the well-known alpha-clsavage fragmentation
process anl beta cleavage followed by rearrangemaent in the low
r2solition data for fifteen aliphatic amines. The program will be
axtended in two important ways to incrszase its utility: (i) the
proaram needs to be able to work with an increased number of
Ja2szriptive predicates in the generation of rules, and (ii) it
needs to b2 givern a more flexible reprasentation of complex
fragmentation mechanisms so that it can more easily find rules
iavolving nore than two bonds.

We will continue working with low resolution MS data of the
1530-200 monofunctional aliphatic compounds studied previously in
the context of the performance program. These compounds are
well-urderstood and thus provile a gool test of the program's
»ffectivenass, In order to insure generality in the theory
Foarmaition programs, we will alsc test the system against the high
resolution mass spectra of the 6B 2strogznic steroids. Since they
ire 1lso w2ll-understood, these compounds will show how well the
program can deal with complex ring systems, multifunctional
zoapdands, cleavages involving more than two bonds, and high
resolution data.

The existing vprograms are in good working order - within definite
linits - s> we expect to apprly them to new sets of data from the
¥3 lahoratory as interest aris=zs. For =2xarple, as the high and
1ov resolution MS from marine sternsls are collected we expect to
use INTSUM and RULEGEN (at least) to assist in the interpretation
inl gen=ralization of these data. Since these problems will
3dvance th> state of knowledge of MS, it is not correct to look on
tha2n as test problems. However, in the past the programs
Iaveloped mnst rapidly when they were applied to unsolved problens
2f interest to our colleagues in the chemistry department.

Por 1avelopment of the interactive programs, we will rely heavily
on the criteria of acceptability by Stanford users. The progranms
themselves will be writter in INTERLISP on the SUMEX computer.
Tnitially, we will provide interactive access to the control
naraaneters »f the programs in ordar to allow users to tailor their



rans o thair immediate interests. Later we hope to expand these
to> allow interrogation of the programs with respect to both
=ontents of the results and ths program's reasoning steps.

D, Applications to Binmedical Problenms

W2 can immediately offer to the user community the Planner, for
analysis of HR/MS in terms of molecular structure. The program is
insensitiva to the source of the MS data, and we foresee
significant use of the program for analysis of spectra of mixtures
witkout prior separation and spectra from the GC/HRMS facility
witbhout adlitional programming =2ffort. Examples of applications
ar=231s are summarized below.

A2 wish to exploit our existing capabilities of the analysis of
kislogical mixtures without prior separation {(ref. 33). This
approach will prove particularly useful in studies of mixtures
which ar> difficult to separatz and analyze by GC. Phytoecdysones
ralated to ecdysone, an insect molting hormone, present such a
prohler. G&C of these compounds is very 4ifficult, although
high-pressare liquid zshromatngraphy has recently been used to
zarry out separations. This class of compounds represents an
iptarastipngy and valuable test case for our combined MS and
somputer tachniques, particularly the specification and subsequent
1cguisition of metastable defocussing data for precise linking of
narent aad fragment ions in the spectrum of a complex mixture
{rafs. 28, 33). Model compounrls, mixtures and current structure
alacidation problems are available (Nakanishi, Columbia; Takemoto,
Tohnku University, Sendai, Japan). Although most users cannot be
completely specific as to the natura of their future structure
slacidation problems, we feel that several of these problems can
h» handled by snoch an approach.

As the stracture generator and its extensions are developed
further, we foresee continuing use of an interactive version
applied tn specific prohblems of the user community. As an
pxample, the work in collahoration with the GRC project will
involv2 stulies of several classes of compounds extracted fronm
kunuwan hody fluids (e.g., aromatic and aliohatic acids, various
classes of hases, amino acids and carbohydrates) which contain
representatives varying by substitutions about a small number of
a2l=cular skeletons. The generator can define all isomers which
rust he considered as possible solutions.

For thodse prnblems which are amenable to attack by library search
procedures, e.g., screening of GC/LRMS runs of marine sterols to
we=2d out known compounds, we propose to use these procedures and
to investigate extensions to them. using a procedure related to
that J=scribed by McLafferty (K-S. Kwok, et al., J Amer. Chem.
Soz., 95, #8185 (1972), we seek to 3d=2termine from modified library
search techriques the known structures which yield similiar
spectra, Utilizing the DENDRAL structural manipulation routines,
#e would then s=ek to determine those related structures (whose
spectra are not in the library) which are possible solutions. A
libraryv, including Wiswesser Line Notation names, oxists (F. W.
MclLafferty, private commurication) and would ke of some utility in
tkis work,

The MS facility in conjunction with our programs will ke used in
studiess of the following natur=:
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1) Prof. Djerassi - we plan use of the MS facilities and computer
proqrams in ongqoing research cynnected with axisting NIH-supported
stulies on steroids and marine sterols and continued collaboration
with Prof. Adlercreutz on estrogen mixtures isolated from body
fluids. PFurther collaboration with Prof. Adlercrentz will be on
structural studies of new estragen metaholites whose presence in
nixtires has been inferred through our previous collaborative
sfforts.

Phe work on marine sterols presently utilizes GC/LRMS and
frequently laborious separation procedures to isolate individual
fractions for HRMS analysis. GC/HRMS will be a siqrificant
assistance in this effort. We plan MS studies of known marine
sterols (utilizing INTSUM) to derive fragmentation rules, which
ther will he used in the Planner to aid structure elucidation of

naw coapohunds.

We also plan further work on extensions of MS theory in the
steroid fi=1ld, initially focussed on additional biomedically
iaportart classes of steroids related to the pregnane
{progesterones) and androstane {t2stosterones) skeletons. This
work is currently being carriel out by Dr. Smith in collaboration
with two visiting senior scientists (Dr. Roy Gritter, Dr. Geoff
dromav) currently on satbbatical leave fellowships.

7) Chemistry Department Collahorators - as indicated by the
rasponses summarized in the letters of interest {Appendix 1),
thara is significant interest in use of the MS facility by other
YIH-supported members of the chemistry department. All those
1isted are familiar with *he tachnique of MS as applied to
structure eclucidation proklems. Most have used MS frequently,
sarticularly Prof. van Tamelen in his studies of the cyclization
3f squalenz and related studies in the terpenoid and steroid
fi211. The intzarests of these collaborators are generally in HRMS
and 3C/HRM3, with occasional nse of other capabilities of the
s7stam. The types of compourds studied by this qroup and an
indication of the amount of use expected are summarized in the
lettars of interest.

£ 3a2netics Research Center (GRC): (Profs. J. Lederberg, H. Cann;
Dr. A. Duffield)

Tha body fluids analyzed by GC/LEMS
ts 3ate include urine, blood, amniotic fluid and cerebrospinal
F11id1. Tach body fluid is fractionatel into the following
compound classes:

1) organic acids and neutral compounds

b)) aminn acids

c) carhohydrates
which after appropriate derivatization are analyzed by
35C/LRMS /coaputer system. A library of known LRMS will serve as
tha primary means of identifying metabolites from their
axperimentally recorded LRMS,

n those instances where the LPMS is insufficient for metabolite
jantification GC/HRMS data will bz necessary to determine the
somposi+tion of all ions in its mass spsctrum. These data will
Jr=zatly enhance the prospects of identifying the metabolite in
gquastion.

T
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It is known {on past performance) that if a compound is present in
hody fluids at the level of 1 microgram per GC peak then good
yuality HR/MS will be recorded {ion amplitude dynamic range of
11100, mass accuracy 5f +=5ppm) using the Varian MAT 711 mass
spactrometer. If the GC peak of interest contains insufficient
material f£or a HRMS scan then preparative 5T could be used to
cancentrate that portion of the chromatograph effluent prior to
GC/HRMS.

Prior to the demise of the ACME computer system ({July 31, 1973) vwe
jayeloped 1 GC/HRMS system and applied it to the analysis of
axtracts from body fluids. o following example represents
results obtained with this system during its development. The
axample us2d was a routine aralysis and was run to determine the
capahility of the overall system dnring its development and not as
an unknown sample of extreme interest.

The total ion plot recorded dnring the lifetime of the GC/HRMS
analysis »f an amniotic fluid is reproduced as Figure 1. A
complete high resolution scan was recorded on esach of the peaks
shown in Figure 1. Filirg tim2 of the time-shared ACME computer
systam did not allow the system to operate in a repetitive scan
nole. Tor the sake of brevity only th2 GC/HRMS scan (# 1594,
Fiyure 2) zorresponrding to glutamic acid N-TFA O-n-Butyl ester
lerivative is produced. {The corresponding GC/LPMS scan is Figure
1). The scan time per decade of mass was 10.5 seconds, the
resolution 6,500 and the matching tolerance for the assignment of
ampirical composition set to 4 mmu. The results show that the
systam was capable of accurate mass measurement with a dynanmic
rarge in ion amplitude of about 33:1 in this instance.

Tha cessation of computer suppayrt for the GC/HRMS system did not
1110w a HEMS analysis to be made which was crucial to the
iqantification of a metabolite present in a body fluid. Since
t+hat time however, several instances have arisen where GC/HRMS
jata would hava been collected in an effort to identify
na2tabolites not previonusly seen.

The eoxpacted sample throughput in the GRC project with existing
personnel is expected to approach 5 to 7 body fluids per week ({15-
21 GZ/LRMS fractions to be run in the Genetics Department per
weak). On average GC/HRMS would be required on 1 - 2 samples per
waek,

The research interests of the M2dical School collaborators
r2lative +5> the proposed MS resnurce are summarized in the letters
2f interest {(Appendix A). The MS services required by this
sormunity will include GC/LRMS (Forrest, Sera, Kalran for drug and
Arug metaholite identificatior, Rabinowitz and Wilkinson for
prostaylandin identification, Robin for identification of
oxidized/r2duced redox pairs, Hollister for Marihuana metabolites,
Rarchas, nenrotransmitters, PFair, polyamines and the prostatic
antibacterial factor in urine); GC/HRMS (Trudell, 3drug metabolite
idantifization, Kvenvolden, structure of amino acids and related
compounds plus samples as required from interests described under
3C/LRMS). In those instances where the biological extract contains
ipnsufficient material for a GC/HRMS scan preparative GC, using
axisting instrumentatior within the chemistry department, can be
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ns231 +5 concentrate the material prior to th2 GC/HRMS aralysis.
If the matarial of interest is obtained relatively pure by this
technigne then HRMS analysis using direct sample insertion into
tha ion source would be utilized.

D rh 0

o

As mantioned above, several of the computer programs have
immodiate utility for assisting with structure elucidation
ororhlems. For example, the Structure Generator program can answer
structnral isomerism questions independently of mass spectrometry,
{ea.q. , to provide lists of isomers in conjunction with isomer
interconversion problems such as carborium ion rearrangements).
Becanuse th> program will be able to gernerate complete lists of
isomars vwith (or without) sore specified structural features, a
roesearchar can have confidence that no possibilities have been
yvarlooked. Some interest in the structure generator has been
exprassed by representatives of the pharmacentical industry. The
1a1erator could be used to suggest complete sets of structural
1lternatives for possible synthesis, once a physiologically active
congenar has been identified.

Tn mor2 ganeral terms, the structure generator can bhe
rizhly sugjestive of new, nnexplored areas of synthetic
srganic chemistry. for example, the generator has been used
by a graduate student in chemistry, Mr. Jan Simek, to
i3i2ntify the space of possible Diels-Alder condensation
prodincts consisting of six atoms of any combination of
zarbon, nitrogen, oxygen, and sulfiar in a

six-nemhered rirg with one double bond. A literature

search thrangh the Ring Index revealed that many of the
ring systems have never heen reportad.
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Yy, SIGNIPICANCE OF PROPODSED RESFEARCH

Structure =21lucidation is an important and difficult problem for
bismedical scientists. Many of them lack the detailed chemical
hazkground necessary to he officient in this endeavor. Generally
speaking, they also lack the frequently complex and expensive
ayaeipmant {2.9., high resolution mass spectrometers) to provide
spectrosconic data to assist them in solving problems of molecular
struztar=. We plan to provide the chemical and analytical
expertiss to facilitate the solution of their structural problens.
This research aims at providiny more powerful techniques for
jetoerminingy molecular structures than are now ronutinely available.
In pirticular, we have proposed {(a) providing extended MS services
3= a means of collecting powarful analytic Adata for scientists;

{(b) develns>ing (and extending) sophisticated computer programs to
1ssist with the interpretation of the 3lata from mass spectrometry
and =21lsswhare, {c) developing (and extending) novel computer
projrams t5 assist with formulation of the rulaes of
intarpretatioson, and {d) applying these state of the art techniques
to problems of biomedical relevance. Our research group is thus
irdicated to a broad-based attack on the applications of structure
alucidatinn to biological and bhiomedical problens.

The proposed research not only holds promise for significant
lyng-term advances, it can have immediate benefits as well. Many
remhars of the hiomedical community at Stanford have called upon
tha MS laboratory for assistance in the past and will continue to
15 so ir the future. The proposed resource will provide the
monduit for a sunbstantial increase in the utilization of MS within
tha Stanford biomedical community, The ability of the proposed
rasnurce t5 interpret the experimental data it generates {enhanced
hy the close proximity of the resource and hiomedical community)
sh>111 rasult in a successfnl program >f interdisciplinary
research,

4R¥S iz an important source of data for thess problems, and
3C/4RMS is still more important. Previous investment by the NIH

n the Varian MAT-711 HRMS system at Stanford can be utilized now
nd built ipon for the future. Continued operation of the GC/MS
ystam will give the Stanford community access to state-of-the-art
spactroscopic techniques and to professional mass spectroscopists
hy can help with ongoing problems.

Tha computar programs themselves constitute a unnique resource for
assisting with the structure datermination. The previous NIH
yrint supported development of the progranms. In part, we are
reguasting funds to exploit these programs.

On2 2f the most significant aspects of this work is its
interdisciplinrary view of solving molecular structure problems by
inz2lligently directed search of the space of chemical graph
structuras. As a result of ponsing the structure determination
problem in this framework, vwe have been able to further the
knowledge ahout structure elucidation in at least three ways.
Ficst, som2 of the knowledge used by analytical chemists has been
nade more precise for use in a computer program. Second,
coiifying such knowledge for the computer has led to the discovery
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3f new research areas to extend our existing knowledqge of HMS.
Several publications listed in the bibliography {(Refs. 42 and
following) are reports of exactly this kind of research. Finally,
the computar's systematic search through th= space of possible
structures gives the practicing scientist the confidence that no
structures were merely overlooked. The efficiency of the program
1epends on the exclusions of miny whol2 classes of compounds, but
tha compater will have rejectel those classes using precise,
axplicitly stated criteria.

nur recent work on finding MS intarpretation rules (theory
fsrma*ion) can provide additional unique capabilities for
3ssisting with the problem solving. We wish to continue this
reseirch boacause it offers hope for a solution to the problem of
Furnistking real-world knowledg2 to computer programs —- in
particnlar 5 the computer programs that assist with structure
alucidation. This is a pressing problam irn current AI research.
High performance progranms, of which DENDRAL is most often cited,
ierive their power from large stores of knowledge. Yet there are
no routine methods for infusing such systems with knowledge of the
+ask domaia. We believe our rasearch in theory formation holds a
¢2y to the solution of this problem.
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V. TFACILITTIES & EQUIPMENT

Ph2 Stanford Mass Spectrometry Laboratory will provide MS services
on the Varian MAT-711 mass spectrometer coupled with a
Hawlatt-Packard gas chromatograph (Model 76103). As service
iastrunents for more routine mass spectral analyses, the
laboratory has a MS-9 and CH-U4 mass spa2coctrometoers.

nata redaction is currently provided on Stanford's IBM 370/158
zampiter i1 conjunction with a front-end PDP-11/20 data
acjuisition computer. ({The PDPP-11/20 pres=2ntly has only the
mapability for buffering peakx profile data between the mass
spactrometar and the IBM 370,158 computer at the Stanford Computer
“antar.) An alternative to buying time on the 370/158 is proposed
and discussed in the bundget -qustification.

Tha AT projrams will be run on the NIH-sponsored ATIM-SUMEX
soupater facility (a PDP-10 corputer with the TENEX operating
systan, 192K words of memory, and adequate peripherals for our
puross=s). Running these programs on SUMFEY will incur no charqge.
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Progress Report

Part A. APPLICATIONS OF ARTIFICIAL INTELLIGENCE TO MNASS SPECTROMETRY
JBJECTIVES:

Research activities carried out under Part A of this project have been
directed toward exterding the reasoning power of Heuristic DENDRAL.
Heuristic DENDRAL reresents a paradigm for attacking problems in one of
the major areas of importance to any scientific discipline dealing with
1olecules, the area of structure elucidation. We have focused our
attention on the use of heuristic programming technigues for analysis of
nass spectra and ancillary analytical data which can be obtained
utilizing a mass spectrometer. It is convenient to discuss objectives,
progress and plans by examining three broad areas of activity in
research connected with Part A. We wish to note that these areas
conform to our overall strategy of PLAN-GENERATE-TEST. We have shown,
parlier, how powerful this strategy is when applied to the task of
structure elucidation utilizing mass spectral data. The areas and their
objectives are the following:

(I) PLANNER:

{a) Extend the programs used for structure elucidation to
structural analysis of conmplex molecules.

(b) Assess the capabilities and limitations of the PLANNER.

(c) Generalize the programming techniques to reduce compound
class dependence.

(d) Explore the utility of ancillary data available from the mass
spectroreter.

{1II) STRUCTURE GENERATOR:

(a) Complete the exhaustive, irredundant generator of molecular
structures. ‘

(b} Develop efficient constraints on the generator to exploit its
potential utility.

(c) Exploit the concapts developed for the structure generator in
solving various structure-problems (related to m.s. and
others) and isomer-problenms. .

{IIT) PREDICTOR
{(a) Extend the Predictor to still more complex molecular structures.
{(b) Explore the design of sxperimental strategies, utilizing
Predictor functions, t> differzntiate among candidate solutions.

We point out that the PLAN-GENERATE-TEST strategy, although applied to
structure elucidation, has potential utility as a strategy for solving
other chemical problems. Similarly, although we utilize mass spectral
data aladst exclusively, the sime heuristic progranming techniques
allow facile extension to analysis of data from other types of
analytical instrumentation. These were not objectives of the

original research proposal but seem logical extensions for future
vork. We have illustrated the potential of these techniques for
analysis of 13C NMR data (Carhkart and Djerassi, 1973). This is
discussed briefly under the PLANS section, below.

PROGRESS:

{I) PLANNER



The fuaction of the Planner is to analyze mass spectral data acquired
>n a compound. The Planner attempts to derive structural information
from these data using the rules of behavior of compounds in the mass

spectrometer.
Jdbjective {(a): Extend Programs.

The Planner is presently 2mbodied in a program which also contains a
set of functions to assemble this structural informatiom into complete
molecules (a primitive Structure Generator) and to test these
molecular structurss with other, nd>t necessarily mass spectral, rules
{a prinitive Predictor). This performance program was written in
this way to provide a useful tool for chemical studies while more
jeneral versions of the Structure Generator and Predictor were being
jeveloped. This program and its performance have been described in
some detail in a publication and ia previous progress reports. A
manuscrcipt (Smith, et.al., 1973) has now appeared describing the
application of this prograa to the analysis of mixtures of compounds
without prior separation.

Objecztive (b): Assess Capabilities.

He have extended the capabilities of the Planner so that we can

analyz2 both low and high resolution mass spectral data. A low

resolution mass spectrum is regarded by the program as a pseudo high
resolution spectrum wherein possible elemental compositions of each

peak are limited only by the inferred molecular formula of the

compound. This results in more ambiguity with a commensurate increase

in number of candidate solutions as would be expected considering the lower
specificity of low resolution data as compared to high resolution

data.

We have extended our capabilities for molecular ion determination
utilizing a heuristic search technique through the space of plausible
1olecular ions. This techaijue has had significant success even when
iealingy with the low resolution mass spectra of compounds which
display no molecular ion, for example the class of derivatized amino
acids (trifluoracetyl, n-butyl esters) important to studies carried
out unier Part B, below. i}
We have segmented the performance program to decrease the amount of
memory required for its operation. This should increase the chances
for other groups to make use of the progranm.

The limitations of the prasent performance program are primarily the
requirsment that some information about the class of compounds be
kaown, and that, for each class, relatively detailed rules about the
rass soectral fragmentation of this class be available. The former
limitation results primarily from the nature of the program in that a
complete structure generator is not incorporated. The primitive
structure generator available to the program can only place substituents
about an assumed skeleton. This limitation will be alleviated when

a struczture generator with GOODLIST and BADLIST constraints is
available (see Structure G2nerator, below). The latter limitation

is mors fundamental, but is characteristic of every spectroscopic
technijue to one degree or another. It must be assumed that analysis
of a mass spectrum, alon2, may not lead to suftriciently unambiguous
information about the structure of the compound yielding the spectrum.
It is for this reason that extensions of the programming techniques
to enconpass data from othar spectroscopic techniques are attractive.
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Objective (c): Generalize Iechniques.

Wwe have carried out several successful experiments to ensure that the
perforrance program, used originally for analysis of estrogenic
sters>ids, retains only procedures which are compound-class independent.
By supplying fragmentation rules for other classes of compounds, we have
successfully carriad out structure elucidation of molecules in several
diversa classes including other steroidal hormones and related compounds
{progesterones, testosteroaes, androsterones), steroidal sapogenins and
derivatized amino acids.

Dbjective (d): Explore Utility

Previous progress reports have sumnarized in some detail the ways in
which data from ancillary technigues in mass spectrometry (metastable
ion and low ionizing voltage data, labile hydrogen exchange) can be
used by the program. The utility of m=tastable ions for aid in
stucture elucidation continues as an active area of interest.
Experience with the program has inspired studies on metastable ions,
first, to help delineate the course of fragmentation of molecules with
the purpose of extending and refining fragmentation rules used by the
program (Smith, Duffield and Djerassi, 1973). Experience with the
increased specificity of structural information with concomitant
reduction in analysis time when metastable ion information is
availanle (Smith, et.al., 1973) has led to a study of a new technigque
for detection and analysis of metastable ions (Direct Analysis of
Daughter Ions, or DADI) and has illustrated the utility of this
technique in mixture analysis (Smith, Djerassi, Maurer and Rapp,

1973) . :

Experience with the PLANNER has led to several research activities
relatel to, but not supportei by, this grant. Our studies of estrogen
nixturas isolated from pregnancy urine have suggested new compounds
likely to be important in the human metabolisam of estrogens. Sone of
these compounds are hitherto unreported structures and a synthesis
progran is underway in Professor Dijerassi’s laboratory to produce sone
of these conpounds. The Planner will be used as one method of
comparison of the synthesized, authentic standards with those isolated

from pregnancy urine. -

Kork is also being carried out to explore the fragmentation of model
systems possessing two hetaroatoms in close proximity. It is clear
from the first of these studies (Block, Smith, and Djerassi, 1973)
that the fragmentation of these difunctional systems does not reflect
that of monofunctional analogs. Mire groundwork is required in this
area t> obtain better fragmentation rules for these systens.

II. STRUCTURE GENERATOR
Objective {a): Complete the Generator

The last progress report discussed the completion of both the basic
structure generator algorithm and program, which provide the capability
for exhaustive generation of graph isomers of a given empirical fornmala,
with prospective avoidance of duplicate structures. Since the time of
the submission of that report, manuscripts describing the structure
generator, directed specifically to an audience of chemists, have been
submitted (Masinter, Sridharan, Lederberg, and Smith, 1973; Masinter and
sridharan, 1973). Some effort over the past year has been devoted to
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verification of the completeness and irredundancy of the method. ¥We
have extended existing combinatorial counting algorithms to check that
‘the numbers of isomers generated are correct. We have used an
interacztive version of the generator to verify that variations (allowed
by the algorithm) of the mechanism of generation yield the same set of
isomers. Ir this way we are now increasingly confident that the
progran's performance accurately reflects the mathematically proven
algorithm on which it is based.

The Structure Generator has been briefly described, and placed in its
context within Heuristic DENDRAL, in an invited paper presented at a
NATO/CRS sponsored conference on Computer Representation and
Manipulation of Chemical Iaformation, held in Amsterdam in June, 1973
{Smith, Masinter and Sridharan, 1973).

We have also begun to develop technigues to expand the scope of the
jeneratar. One example, which has been completed, is adding extensions
to the CATALDG. The CATALOG contains the set of vertex-graphs from
vhich structures are assembled. The original CATALOG was not sufficient
to generate all isomers of some potentially interesting compositions,
a.g., those involving graphs possessing nodes of degree >3. We now have
a program which constructs complete sets of vertex-graphs containing
nodes >f degree >3 from thz set of trivalent graphs in the original
CATALD5. We have thus extended the capabilities of the generator.

Other such extansions are discussed in the PLANS section, below.

Objective {b): Develop Constraints

It is absolutely essential that we provide the mechanism for
constraining the Structure Generator: without constraints it is
m2rely a legal move generator, as in a chess—-playing program. For
structure elucidation problems, the Planner can determine many
features of the molecular structure from various types of experimental
Jata such as presence of functional groups, and the numbers of double
bonds and rings. Partial information of this sort can be used to
constrain the Structure Generator to the space of plausible candidate
structures. From a graph-theoretic point of view, howvever,
constraining the graph generating algorithm is a difficult unsolved

problen.

We are presently formulating several types of constraints to apply to
the Structure Generator. Some types of constraint await the development
of new mathematical tools {see PLANS), while others can be immediately
implemanted with relatively minor alterations to the algoritam. The
class of constraints presently receiving attention deals with types

of unsaturation (rings or double bonds) desired in the final

structures. Related to this constraint is the constraint of number of
quaternary carbons present. The former information (number and

nature of multiple bonds) is readily available from several spectroscopic
techiijues, while the latter may be obtained from 13C NMR. The
implamnantation of this class of constraints will be used as the model
for future implementation of a GOODLIST (structural features kaown to

be present) and a BADLIST {structural features known to be absent).

It is possible that some types of constraints may not be easily
implem2nted within the algorithm. Thus, retrospective tests of
isomers may be required to search for desired or unwanted features.
We have developed some new approaches to graph matching which seem to
ba significantly more efficient than previous methods. Should
prospective implementation of a constraint prove difficult, we will
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have at our disposal some powerful graph matching tools to exercise
the constraint.

Objective (c): Exploit the Generator for Structure Elucidation

We have demonstrated the utility of some subsystems of the structure
generator, e.g., the LABELLER, by exploring some problems of isomerism
noted in the chemical literature. We have corrected the nmember and
presented the identities of isomers formed by different substitutions of
alkyl chains about a porphyrin nucleus. #e are presently exploring some
probleas of isomerism of carbocyclic ring systens, specifically C10H10
and (CH) 10 and C10H2n-4 tricyclic ring systems, n = 8 - 12, related to
the mechanistics of isomeric interconversion.

We have the complete list of all topologically possible 1176 6-membered
Diels-Alder ring systems, using any combination of C,N,0 and S. This
list was generated using the PARTITIONER and an extended version of
the LABELLER. These are all the 6-membered ring systems that can be
embedded in structures resulting from the well-known Diels-Alder
reactij>n. Of the 1176 possible ring systems, approximately 80% are
unreported in the Ring Ind2x. Many of these are chemically unstable -
undarscoring the need for a BADLIST implementation for the Cyclic
Structure Generator. However, many of these unreported ring systems
are certainly chemically plausible. Awareness of such gaps in
relatively simple synthetic categories might lead to discovery of new
categories of compounds with important biological effects.

(III) PREDICTOR

The function of the Predictor in the PLAN-GENERATE-TEST strategy is
to perform a detailed evaluation of candidate solutions (structures)
to a structure elucidation problem. It may use a more detailed model
of spectroscopic behavior than that embodied in a Planner to attenmpt
to differentiate among possible solutions.

Objective {a): Extend the Progranm

We have extended and generalized the Predictor used previously for
saturated, aliphkatic, monofunctional compounds. Given a list of
structures and rules of fragmentation processes, it will predict a nass
spectrum for each structure. Prediction of relative ion abundances is
crude, but previous work has shown that even crude measures of ion
abundance are usually satisfactory. The predicted spectrum can be
matched then with the observed and candidates ranked according to the
quality of the match. The program works with structures and rules of
any complexity. An interesting philosophical question is how nuch
kaowledge should be brought to bear on interpretation of the data at the
Planning vs. Predicting stages of analysis. It is our faeeling that if
more can be accomplished during Planning to constrain the Structure
Senerator, the analysis will be more efficient. On the other hand, some
knowledge can be utilized only if a complete structure is specified, so
that its use is restricted to a predictive role. Moreover, Predictor
Functions have a greater utility, as indicated in the subseguent-
section.

Objective (b): Differentiate Structures

The Predictor has a more obvious application in the design of
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experimental strategies to jifferentiate among candidate structures.
Rules of spectroscopic behavior utilized during Planning demand the
presence of some data to evaluate. The Predictor can then be used to
request additional data from any source to aid in differentiation. Ve
have explored this approach by analyzing the spectrum of a compound
with the perforrmance progran. The Predictor was used to evaluate t he
the set of candidate structures to define the minimun number of
metastable defocussing experiments necessary to achieve a unique
solution. Thus, no time need be spent acquiring unnecessary or
redundant data. Clearly, this has important implications for future
work in that many different types of data (e.g., NHMR, IR) might be
requested by the Predictor to facilitate identification.

PLANS

For th2 remaining period of this grant we propose to carry out the
following extensions of the research outlined above.

{I) PLANNER

The major area of activity related to the present version of the Planner
will be to focus our attention on using the progranm in support of
chemical studies outlined under Part B (see below). The chemical
extraction and derivitization procedures used 1in the analysis of body
fluids restricts the types of compounds present in each separated
fractisn. Such simplifications make this a problen more amenable to
attack. Only certain classes of compounds are present in each fraction,
and we have some knowledge of the mass spectral fragmentation of these
classes. We wish to couple the prograa to the results of library
matching procedures so that we direct our efforts to structure
elucidition of those components which have not been previously
identified. This is particularly important in the context of amalysis
problens such as those discussed under Part B.

We propose increasing the utility of the program by removing two
present constraints: (a) allow unspecified "dummy" atoms in the
skeleton instead of requiring a rigidly fixed structural skeleton,
and {(b) allow fragmentation processes to be specified more flexibly -
in particular, allow fragmentations in substituents on the skeleton
instead of requiring all fragmentations to cut through the skeleton.

Although we are presently unconfortable with immediate coupling of

the Structure Generator to the Planner, we propose continued
axploration of the problems ot controlling the generator automatically.
Actual implementation avaits a more comprehensive treatment of the
problem of constraints.

II. STRUCTURE GENERATOR

The inclusion of a reasonable set of constraints is obviously required
and will be the subject of most of our future development work. We
plan t> develop an interface to the present interactive version of

the Structure Generator that speaks a more chemical language. This
interface will be designed to avoid the present requirenent that the
user know something about the program before he can use it. As the
optimum method for implementation of a constraint is datermined, the
interface will be extended to translate the usual specification of the
constraint in chemical terms into rules acting at the level of the
program. As we stressed in development of the PLANNER, there are
considerable advantages to building a powerful progran in an
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incremental fashion. These steps are loyically directed to our longer
term goal of developing a useful structure elucidation tool for the
chemist, based on the structure generator.

There are several other areas of interest which are peripherally related
to the problem of constraints and which will occupy our attention. The
Structure Generator knows no chemistry other than atom names and their
associated valence. There are several inportant areas where this is an
immediate problem. For example, the program has no explicit awareness
of the aromatic resonances, leading to a remediable redundancy in the
list of isomers. An aromaticity-predictor is also indispensable for
anticipating chemical behavior of a structure.

We wish to deal with types of isomers besides simple connectivity
isomers. We need to have the facility for assembly of molecular
sub-structures (the usual type of information inferred fronm
spectroscopic data) when such an assembly yields new rings or multiple
bonds. A1l the above questions need a reexamination of the fundamental
mathematical considerations. The present algorithm has been proven to
vyield complete and irreduniant solutions. In devising new algorithms or
variants of the present one, the burden of proof can be reduced to {the
asually easier) cquivalence to the previous algorithm. Professor Harold
Brown, who was the mathematician instrumental in initial development of
the labelling algorithms for structure generation, will be with us again
for several months to help attack the problems outlined above.

IIT. PREDICTOR

Although the Predictor has been essentially finished for our own
internal use, we propose to spend a modest amount of time in the
coming months making it more usable by others. In particular, we
wish to extend the initial work on predicting the new experiments
necessary for distinguishing among candi.late structures (e.g.,
predicting that a metastable peak at mass 70.1 would confirm one
structure and disconfirm another). 1In addition, we plan to work on
cataloging some existing sets of mass spectrometry rules in such a
way that the program can be easily used for different classes of
problens.



part A references (Published or submitted during year)

R. Carhart and C. Djerassi, "Applications of Artificial Intelligence
for Chemical Inference XI....

D.H. Smith, B.G. Buchanan, R.S. Engelmore, H. Adlercreutz, and

Z. Dijerassi, napplications of Artificial Intelligence for Chemical
Inference, IX. Analysis of Mixtures Without Prior Separation as
Illustrated for Estrogens," J. Aner. Chem. Soc., September 5, 1973.

D.H. Smith, A.M. Duffield, and C. Djerassi, "Mass Spectronetry in
structural and Stereochemical problems, CCXXII. Delineation of
Competing Fragmentation Pathways of Complex Molecules from a Study
of Metastable Ion Transitions of Deuterated Derivatives," Org. Mass
Spectrom., 7, 367 {1973).

D.H. Smith, C. Djerassi, K.l. Maurer, and U. Rapp, "Mass Spectrometry
in Structural and Stereochemical Problenms, CCXXXIV. Applications of
DADI, A Technigue for Study of Metastable Ions, to Mixture Analysis,"”
J. Amer. Chem. Soc., submitted (1973).

J.¥. Block, D.H. Smith, and C. Djerassi, "Mass Spectrometry in
Structural and Stereochemical Probleas, CCXXXVIII. The Effect of

Heteroatoms upon the Mass Spectrometric Fragmentation of Cyclohexanones,"
J. Org. Chenm., submitted (1973).

L.M. Masinter, N.S. Sridharan, J. Lederberg, and D.H. Smith,
napplications of artificial Intelligence for Chemical Inference XII.
Exhaustive Generation of Cyclic and Acyclic Isomers," J. Amer. Chen.
Soc., submitted (1973).

L.M. Masinter and N.S. Sridharan, npApplications of Artificial
Intelligencs for Chemical Inference, XIII. Labelling Objects Having
Syemetry, J. Amer. Chem. Soc., submitted (1973).

D.H. Smith, L.M. Masinter, and N.S. Sridharan, "Heuristic DENDRAL:
Analysis of Molecular Structures," to be published in the proceedings
>f the NATO/CRS Advanced Study Institute on Computer Representation
and Manipulation of Chemrical Information.

N.S. Sridharan, "Computer Generation of Vertex Graphs", Stanford
Computer Science Memo cs-73-381, Stanford University, dJuly, 197 3.

N

&7



pPart B-i Gas Chromatograph - Mass Spectrometer Data System Development

DBJECTIVES AND RATIONALE

The objectives of this part of the research project are the
improvement of GC/MS data systen capabilities and the coupling of
axtracted data to the Heuristic DENDRAL programs for analysis. We
ultimately seek a substantial degree of interaction between the
instrunentation and the analysis prograns including computer

speci fication and control of the data to be collected. In addition
to the development goals, this portion of the project provides for the
jay-to-day operation of the GC/MS systens in support of mass spectrunm
interpretation computer progran development {Parts A and C) and
applications of GC and MS to biomedical and natural product sample
analysis with collaborators.

our rationale for this approach is that the overall systenm should be
designed for problem solviang rather than just for data acyquisition.
This implies that analytical computer progranmns, after review of
available experimental data, could be able to specify additional
information needed to confirm a solution or distinguish between
alternative solutions. Such requests could be passed back to an
instrument management program to set up proper instrument paranmeters
and collect the additional information. Our initial objectives to
implement an on-line, closed-loop systen using the ACHME computer
facility have met with a number of difficulties. These grow
principally out of ACHE's limited computing capacity and commitments
as a g2neral time-sharing service. 1In addition, the scanning high
resolution mass spectrometer has inherent sensitivity limitations,
which do not preclude a demonstration but rather limit the practical
sanple volume which could be analyzed. Until such limitations can
bs overcome, particularly in terms of computing support, we have
focussed our efforts on an open-loop demonstration of such an

approach.

PROGRESS

Progress has been made in demonstrating a GC/High Resolution Mass
Spectrometry capability, in further developing automated data analysis
algorithms, and in planning for the implementation of a data systen
for the collection of metastable ion information. Progress in these
and other areas directed toward the main research goals has been
impactzd by a transition in computing support which is still undervay.
This transition, discussed in more detail pbelow, vas occasioned by

the phase-over of the ACME computing facility, which we had been
using, from NIH grant subsidy to a fully fee-for-service operation
under Stanford University auspices.

summaries of the results and problems encountered in each of the areas
follow.

Gas Chromatography/High Resolution Mass Spectrometry (GC/HRHMS)

We have verified the feasibility of combined gas chromatography/high
resolution mass spectrometry (GC/HRMS). Using progranms described in
previous reports, we can acquire selected scans and reduce then
automatically. The procedures are slow compared to "real-time"
because of the limitations of the time-shared ACME facility. We have
recorded sufficient spectra of standard compounds to show that the
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system is performing well. A typical experiment which illustrates
sopme of the parameters involved was the following. A mixture
(approxirately 1 microgram/component) of methyl palmitate and

rethyl stearate was analyzad by GC under conditions such that the GC
peaks were well separated and of approximately 25 sec. duration. The
mass spectrometer was scanned at a rate of 10.5 sec/decade, and a
resolving power of 5000. The resulting mass spectra displayed peaks
over a dynanmic range of 100 to 1 and were automatically reduced to
masses and elemental compositions without difficulty. Mass
measurament accuracy appears to be 10 ppm over this dynamic range.

e have begun to exercise the GC/HRMS system on urine fractions
contaiaing significant components whose structures have not been
alucidated on the basis of low resolution spectra alone. Whereas
more work is required to establish system performance capabilities,
two things have become clear: 1) GC/URMS can be a useful analytical
adjunct to our low resolution GC/MS clinical studies (Part B-ii),

and 2) the sensitivity of the present system limits analysis to
relatively intense GC peaks. This sensitivity limitation is inherent
in scanning instruments where one gives up a factor of 20-50 in
sensitivity over photographic image plane systems in return for
on-line data read-out. This limitation may be relieved by using
television read-out systems in coniunction with extended channeltron
detector arrays as has been proposed by researchers at the Jet
Propulsion Laboratory. We can nevartheless make progress in applying
GC/HRMS technigues to accessible effluent peaks and can adapt the
improved sensor capability when available.

These experiments have also shown that the ACME computer facility
cannot reliably provide the rapid service reguired to acquire and

file repetitive spectometer scans. This problem is to be expected

in a heavily used time-shared facility without special configuration
for high rate, real time support. Excepting possible requirements for
real time data analysis ({such as in a closed-loop systenm), this
problen could be solved by implementing a large local buffer (e.d.,
disk) at the front-end data acjuisition mini-computer. We are
axploring this possibility in conjunction with the overall planning
for computer support discussed below.

Data Analysis Algorithms
A. Peak Resolution

One of the significant trade-offs to be made in GC/HRMS is that of
sensitivity versus resolution. In maintaining high instrument
resolution (in the range of 5,000-10,000) while scanning fast enough
to analyze a GC effluent peak (approximately 10 secs/decade), system
sensitivity is constrained as discussed above. We have worked on a
method for reducing instrument resolution requirements through more
sophisticated computer analysis of a lover resolution output. 1In
effect this transters the burden of overlapping peak detection and
mass determination to the computer instead of requiring inherently
well resolved data out of the instrument. The advantage comes 1in
better system sensitivity.

Unresolved peaks are separated by an analytical algorithm, the
operation of which is based on a model peak derived from known
singlet peaks in the data. Actual tabulated peak models are used
rather than the assumption of a particular parametric shape (e.g.,
triangular, Gaussian, etc.). This algorithm provides an effective
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increase in systen resolution by approximately a factor or taree
thereby effectively increasing systen sensitivity. BY measuring

and comparing successive moments of the sample and model peaks, a
series of hypotheses are tested to establish the multiplicity of the
peak, minimizing computing requirenents for the usually encountered
simple peaks. Analytic expressions for the amplitudes and positions
of component peaks have been derived in the doublet case in terms of
the first four roments of the peak conplex. This eliminates time
consuming iteration procedures for this important multiplet case.
Iteration is still regquirei for more complex multiplets.

B. GC Analysis

The application of GC/MS techniques to clinical problems as described
in Part B(ii) of this proposal has indicated the desirability of
antomating the analysis of the results of a GC/HNS experiment. The
sCc/%4s output involves extracting from the approximately 700 spectra
sollected during a GC run, the 50 or so representing components of
the body fluid saaple. The raw spectra are in part contaminated with
background "column bleed" and in part composited with adjacent
constituent spectra unresolved by the GC.

We have begun to develop a solution to this problen with promising
results. By using a disk-oriented natrix transposition algorithm, the
array of 700 spectra by 500 mass samples per spectrum can be rotated
to gain convenient access to the "mass fragmentogran form of the

jata. The transposition algorithm avoids many successive passes over
the input data file as would be reguired 1in a straightforward approach.
By generating a reorganized intermediate file, time savings by

factors of 5-10 are achieved.

The fragmentogram torm of the data displayed at a few selected mass
values, has been used at Stanford, MIT, and elsewhere for some time
to evaluate the GC effluent profile as seen from these masses. Hass
fragmentograms have the important property of displaying higher
resolution in localizing GC cffluent constituents. Thus by
transposing the raw data to the mass fragmentogran domain, we can
systematically analyze these data for baselines, peak positions, and
amplitudes, and thus derive better mass spectra for the relatively
few constituent materials. These are free fronm background
contamination and influences of adjacent GC peaks unresolved in the
overall gas chromatogranm. These spectra can then be analyzed by
library search techniques or first principles as necesSarjy.

He have applied a preliminary version of this algorithm to several
arine samples. These contain several apparently simple peaks which
in fact consist of multiple components. The algorithm performs well

in separating out these constituents although further testing is
reguired.

Closed-loop Instrument Control

In the long term, it could be possible for the data interpretation
software to direct the acquisition of data in order to mininmize
ambiguities in problen solutions and to optimize system efficiency.
The task of deciding among and collecting various types of mass
spectral information {(e.g., high resolution spectra, low ionizing
voltage spectra, Or selected metastable ion information) under
closed-loop control during a GC experiment is difficult. Problemns
arise because of the large requirenents placed on computer resources
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and prssent limitations in instrument sensitivity or data read-out
inmposed by the time constraints ot GC erfluent peak widths.

Solutisns to these problems may not be economically feasible withiu
currently existing technology but seen achievable in the future. We
are studying this problem in a manner which would entail a malti {two’
or three) - pass system. This permits the collectiorn of one type of
data (e.g., high resolucion mass spectra) during the first GC/MS
analysis. Processing of these data by DENDRAL will reveal what
additisnal data are necessary on specific GC peaks during a subsequent
GC/MS run. Such additional data could help to uniquely solve a
structure or at least to reduce the number of candidate structures.
This simulated closed-loop procedure could demonstrate the utility of
DENDRAL type prograns to examine data, determine solutions and
propos2 additional strategies, but will not have the requirement of
operating in real-time. Some parameters in the acquisition of
particular types of information, such as metastable data, will
require computer control, even in the open-loop mode.

He have considercd plans to implement two aspects of instrument
control, in addition to the magnetic scan control implemented for GC
operation and reported previously. These include systen resolution
control, such as would be reguired to change from normal spectrunm
scanning mode to metastable scanning mode, and high voltage control
necessiry to selectively measure metastable ion fragmentation data.
In addition to these we have considered the discrete switching of
various electronic mode controls which are straightforwvard ana not
discussed in detail.

Inplementation plans for computer control of these instrument
funct ions have been delayei because of the ACHE computing facility
transition which diverted the necessary hardware and software
manpowver.

Resolution control involves changing the widths of the slits at the
exit of the ion source and the entrance to the ion multiplier
detector. Additional source and electrostatic analyzer voltages must
be controlled to optimize performance, as discussed later. Mechanical
slit adjustment is accomplished on the MAT-711 instrument by heating
wires which support the slit jaws. The resulting expansion or
contraction of those wires move the spring-loaded jaws. As
implemanted by the manufacturer, the time constants involved in
heating the control wires are 5-10 seconds. It is possible to speed
this up to approximately 0.5 seconds by application of a controlled
over voltage decreasing to the appropriate equilibrium value for the
desired slit width. This was demonstrated by a series of experiments
on an extra slit assembly mounted in a vacuum jar in our laboratory.
Co»lingy of the wires is relatively fast in the way they are mounted
so no problem exists in that direction.

It is desirable to have feedback to indicate the actual slit width
achieved rather than relying on a slit assembly calibration.
Stretching of the support wires or changes in the spring tension

under temperature cycling would change this calibration. An

sptical scheme to measure slit width in situ is possible. We do not
contemplate implementing this feedback immediately because it requires
major changes to the instrument flight tube.

Two tybes of metastable ion relationships are obtainable by
suitable control of the double-focussing instrument. First, for a
given daughter ion, one can trace the parent ions which give rise to
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it. S=2cond, for a given parent ion one can trace the various
daughters to which it gives rise. The first measurement ("metastable
defocussing") is th2 more straightforward for this instrument since
parent ions can be enunerated by a sinple scan of the accelerating
voltag=2, holding the electrostatic analyzer (ESA) voltage and
magnetic field constant. The second type of scan requires the
coordinated scan to two of the three fields. W¥e feel that joint
computer control of the accelerating voltage and ESA voltage is the
simpler approach since the magnetic field is more difficult to set
and monitor because of hysteresis effects. Por a resolution of 1000
in the metastable ion mass measurement, the voltages must be set to
approximately .01-.02% accuracy. This requires a 14-16 bit digital-
to-analog (D/A) converter to control the input (10 volts) to the
operational amplifier which generates the high voltage. Similar

D/A controls of ion source voltages for ion current and focus
sptimization can be implemented using optical isolators to allow
vernier control of the various high voltages around the nominal

8KV values.

Comnputing Transition

As mentioned earlier, the transition of the ACME computing facility
from NIH subsidy to Stanford-sponsored fee-for-service operation has
impacted our development efforts this past year. Both the low
resolution instrument used for routine body fluid analysis research
and the high resolution instrument are affected. All computing
support was previously obtained from the ACME facility, much of it
as core research without explicit transfer of funds. The transition
has rejuired consideration of both technical and econonmic factors.
The new facility represents a combination of the previous ACHME
interactive and real time computing load with various administrative
and batch computing loads on a new IBM 370/158 computer. This new
environment will have even more difficulty in supporting real time
computing needs than ACHE did. No real time support has been
available since the 360/50 service was discontinued on July 31,
although terminal service was reestablished ia mid-August. Data
acquisition service via the IBM 1800 is expected to be operational
by early November.

For the high resolution instrument, this transition, as a minimum,
necessitates an interface modification (we previously sent data
through the IBM 2701 interface no longer to be supported) . It also
amplifies the problems we encountered in sending and filing high
rate mass spectrometer data (particularly during GC/MS runs). These
problems vould be present to some extent in any general time-sharing
service machine without specific hardware and software configuration
provision for these needs (such provisions for real time support had
been proposed in our SUMEX computer application).

After examining a variety of alternatives, we conclude that a
iadicated mini-computer solution (built around a machine with the
arithmetic capability of a PDP-11/45) would be highly attractive
technically and relatively inexpensive. A stand-alone mini-computer
syster would cost in the range of $50,000-$60,000, augmenting
existing equipment, plus approximately $9,000 per year maintenance
and $2,000 per year for supplies. Estimates for 370/158 support,
based on current charqging aljyorithes and previous utilization
experiznce, run from $35,000-$50,000 per year. This spread is caused
by uncartainties in the effects of planned measures to increase
sperating efficiency and possible changes to the rate structure. In
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any case, the mini-computer approach pays for itself in 1 to 2 years
of operation and provides the responsiveness or a dedicated machine
for real time support. Unfortunately our existing budget does not
provide for this solution. The budget 1is very marginal for purchase
of computing support from the 370/158 as well. This later approach
is the only currently available one, however, since it can bhe
inplemented with relatively low start-up cost. The effect of budget
limitations appears in terns of a reduced number of samples which
can be run. We have attempted to minimize the other budget costs
(manpower principally) to increase the computing funds available.
This will necessarily impact our development goals. We hope, in the
renewal application for DENDRAL support, to be able to implement the
more effective mini-computer approach for the high resolution
spectrometer as a longer term solution.

We have undertaken an interim mini-computer solution for the low
resolution spectrometer (Finnigan 1015 quadrupole) which is primarily
used for our body fluid analysis studies. For the same reasons outlined
above, a mini-computer solution is attractive. 1In the case of the low
resolution gquadrupole instrument, a lesser capacity machine will suffice
for immediate data acquisition and display functions. <We have
implemented such an interim system on a PDP-11/20 machine available fronm
other funding sources. This system, which is now operational, allows
the acyuisition of GC/MS data, limited by the capacity of the DEC tape
storage medium to approximately 600 spectra, per experiment. For
sertain types of GC analyses, up to 1000 spectra per experiment are
required so this limits, to some extent, the utility of this interin
system. A calcomp plotter is supported for display purposes. A fixed
head disk provides for library search procedures which are still being
converted from the ACME system. We have applied to the NIH-GMS for
funds to augment this systzm in order to relieve current limitations as
part of a Geretics Center research proposal.

FUTURE PLANS

our future plans are basically to continue development along the lines
outlined above. #We will complete the computing support transition steps
jescribed. These include primarily establishing a connection to the new
370,158 facility to provide interim support for the high resolution
system. We will pursue additional software and hardware development
joals as far as possible within the lizited budget available. These
afforts will concentrate for the most part on bringing up a metastable
jon analysis data system. It should be reemphasized that the manpovwer
levels proposed in the follow-on budget have been minimized to allow for
purchasing conmputing time on the 370/158. The allocated manpower is
requirad primarily for instrument operation and maintenance with minimal
provision for development efforts.



Part B(ii). Analysis of Body Fluids by Gas Chromatography/Mass
Spectronetry.

The chemical separation of urine into the following fractions prior
to GC/MS analysis has been described in previous DENDRAL Reports:

free acids (analyzed by gc/ms as their methyl esters)

amino acids (analyzed by gc/ms as their N-trifluoroacetate
n-butyl ester)

carbohydrates (analyzed by gc/ms as their trimethyl silyl ether
derivatives)

hydrolyzed acids (analyzed by gc/ms as their methyl esters)

hydrolyzed amino acids (analyzed by gc/ms as their
N-trifluoroacetate n-butyl esters)

puring the past year vwe have extended these nethods of fractionation
to the following body fluids: blood {after an initial precipitation
of proteins by the addition of ethanol) and amniotic and
cerebrospinal fluids. The following summarizes the results obtained
from an analysis of these fluids during the past year by gJas
chromatography-mass spectronetry.

URINE ANALYSIS:

A. The Development of a "Metabolic" Profile Characteristic of
Neonatal Tyrosenemia Using Combined Gas Chromatography-HMass
Spectromretrye.

This work was carried out in collaboration with clinical colleagues
from the Department of Pediatrics at Stanford University and a joint
publication describing this research is in preparation.

The study was based on a total of one hundred and four 24-hour urine
samples from sixteen premature or small birthweight infants receiving
treatment in the Stanford nursery. After exclusion of infants who
became 111, died, or left the nursery, we were able to follow nine
infants closely for periods of between 4 and 6 weeks from day 3 of
life. All nine infants had birthweights of below 1500g and three

of these were below 1000g. -

0f the nine infants studied, five showed transient tyrosinemia as
shown by a marked elevation in the urinary excretion of the tyrosine
metabolites, p-hydroxyphernyllactic acid, p-hydroxyphenylpyruvic acid
and p-hydroxyphenylacetic acid. There was also a less marked but
distinct elevation in the urinary tyrosine output. Figures 1 and 2
show the metabolic profiles of the same infant {(J.L.) in the
normal (a) and tyrosinemic(b) states. Figure 1 shows the free acid
sutputs, chromatographed as the methyl ester-methyl ether derivatives
and Figure 2 is an expression of the free amino acids of the sanme
urines, chromatographed as the N-trifluorocacetyl n-butyl ester
jerivatives. In each case the concentration of each metabolite is a
function of the peak height as compared to the height of the internal
standard. Table 1 is a summary of the ranges of urinary output of
tyrosine and metabolites observed for all the infants in the study.

TABLE 1 Daily Excretion in mg/kg

Tyrosine p-HPLactic p-HPPyruvic p-HPAcetic



Normal 0.2 - 3 0 -5 0 - 0.5 0.2 - 2
Tyrosinemic 3 - 15 5 - 50 0.5 = 5 0.5 - 5

As shown by Table 1 and Figure 1 neonatal tyrosinemia is characterized
by a very large increase in the output of p-hydroxyphenyllactic acid
and by a 10-50 fold excess of the latter over p-hydroxyphenylpyruvic
acid. Studies of the hereditary defects in tyrosine metabolisnm
initially indicated that p-hydroxyphenylpyruvic acid was the major
metabolite although more recently cases have been reported where
p-hydroxyphenyllactic is in a 2-5 excess over p-hydroxyphenylpyruvic.
These latter determinations were made using GC and GC/HS

met hods and therefore probably retlect the improved specificity of
the analytical procedure (previously colorretric methods were used)
rather than a difference of actual metabolic profile. Apart from the
very large excess of p-hydroxyphenyllactic acid over its keto analog
we could detect no significant differences between the profiles shovwn
in neonatal tyrosinemia and those published for hereditary disease.
Other metabolites such as p-hydroxymandelic acid, DOPA
N-acetyltyrosine, which have previously been reported in tyrosinemic
urine were not seen to be elevated.

B. GC/MS Analysis of Urine from Children Suffering from Leukemia.

This rasearch was carried out with twenty 24-hour urine samples
supplied by Drs. Jordan wWilbur and Tom Long of the Stanford Children's

Hospital.

The acidic fraction of all urines studied in this project showed no
abnormal metabolites nor ware gross amounts of known acids detected.
The amino acid fraction, however, of six of the urine samples showed
the presence of an non-protein amino acid, beta-aminoisobutyric acid
{BAIB). In several of these instances the patients wvere excreting
in excess of 1 gram of BAIB per day. The literature contains many
references to increased BAIB excretion (genetic excretors, lead
poisoning, pulmonary tuberculosis, march hemoglobinuria, thalassaemia
and Down's Syndrome). The reported excretion of BAIB by leukemic
patients was not substantiated by another investigator. There are
several criticisms in the literature of the methods used for the
quantitation of BAIB in biological fluids and in order to fill this
void a sensitive, specific and rapid method for the quantitation of
BAIB has been developed. (SEE: The Quantitation of bAIB in Urine
by Mass Fragmentography; W.E. pereira, R. Summons, W.E. Reynolds,
T.C. Rindfleisch and A.M. Duffield, in press).

C. GC/MS Analysis of Urine from Patients Suffering from Hodgkin's
Disease.

During this study 20 urine samples from patients with diagnosed
Hodgkin's Disease (Department of Oncology, Stanford University
Medical Center) were analyzed and in general, no abnormal metabolic
profile could be found in any urine. There was one exception in
which an individual was noted to excrete massive quantities of
adipic acid (of the order of 1 gram per day).

D. Detection of Metabolic Errors by GC/MS Analysis of Body Fluids.
This project results from a collaborative effort between the Departmeants

of Genetics and Pediatrics of the Stanford University Medical Center.
To date over 50 samples have been analyzed; the majority {35) being
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urine, while amniotic fluid (10), blood (6), and cerebrospinal fluid (6)
were also analyzed. It has been and will continue to be our practice to
analyze aligjuots of fluid samples 1in collaboration with clinical
investigators obtained for valid diagnostic purposes completely divorced
from this research on GC/¥S analysis techniques. This investigation is
not intended to serve as a screening prograw for a 1large population but
rather to focus on those individuals who exhibit suggestive clinical
manifestations such as psychomotor retardation and progressive
neurologic disease as well as suggestive pedigrees.

In the case of amniotic fluid the hope is to be able to monitor the
condition of the fetus in *those pregnancies which might be considered
at ris<. To date we have investigated specimeans fronm normal
pregnancies in order to establish the catalog of compounds to be
observed in amniotic fluid. From this base it could prove possible
to identify materials which might identify the health of the fetus.

We have been able to confirm the presence of orotic acid in a urine
from a person found to have orotic aciduria while another urine
sample was used to demonstrate our ability to identify the
characteristic metabolites present in isovaleric acidemia. The
following description refers to a urine from a child with
hypophosphatasia.

A child died 33 hours after birth in Fresno, California, with the
classical signs of hypophosphatasia. This genetic defect is marked
by high phosphoethanolamine ({(PEA) concentrations in urine of
affected homozygotes and unaffected heterozygotes. Ltter
derivatization (in this instance the THMS ethers of the water

soluble carbohydrate fraction were prepared) we were able to detect
by GC/MS large concentrations of ethanolamine and phosphoric acid
but not PEA itself. The derivatization procedure we used most likely
hydrolyzed PEA. We were able to quantitate for this compound in the
infant's urire using an amino acid analyzer, and PEA excretion ¥as
extremely high (over 200 times normal values for infants) confirming
the diagnosis. UWNext we examined urine samples from the child's
parents, presuned heterozygotes, by GC/HS and by the amino acid
analyzer. Again, no PEA was datected by the former method although
the presence of ethanolamine and phosphoric acid was demonstrated.
de detarmined the following excretion levels of PEA by amino acid

analyzer:

Newborn infant: 94 micromoles per 100 ml. (Normal 0.21-0.33)
Father: 269 micromoles per 24 hours (normal 17-99)
Mother: 32 micromoles per 24 hours (normal 17-99)

It is of interest that in this family the affected infant and his
unaffected father both show subnormal serum alkaline phosphatase
activity. The mother, who did not excrete increased amounts of PEA,
was found to have normal activity of this enzyme in her sSerum. The
following table summarizes the serun phosphatase activity measurements:

Newbarn infant: 0.2 units* {(normal 2.8-6.7)

Father: 0.7 units (normal 0.8-2.3)
Mother: 3.4 units (normal 0.8-2.3)
{* - 1 unit is that phosphatase activity which will liberate 1

millimole of p-nitropherol per hour per liter of serun)

s F
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E. Drug Analysis Service Using GC/HS

e were recently contacted by physicians to rapidly identify a drug
self-adrinistered by a patient in the Stanford University Hospital.
From the mass spectrum the drug was identified as pentazocaine
within the hour. Although not part of the formal DENDRAL proposal
ve expact that similar cases may arise in the future and ve intend
to respond positively to suchk requests.

Development of Library Search Routines for Mass Spectrunm Identification

The anialysis of a single body fluid fraction produces between 600 and
750 mass spectra. In order to cope with the interpretation of the
daily production of mass specta (about 8 body fluid fractions for a
total of between 4,800 and 6,000 mass spectra) we have begun the
implementation of library search routines. Concurrent with the
analysis of body fluids for metabolic content we have been recording
the mass spectra of many reference compounds. This collection
represents the beginning of the construction of a library of
reference spectra. Late in 1973 we expect to receive from Dr. S. Markey,
University of Colorado Medical Center, a more comprehensive library
which he has collated from contribrtors (including our own laboratory)
in the field of biological applications of gas chromatography/mass
spectrometry.

Prior to the demise of the ACME computer faciliity at Stanford
University, we ran library search routines on data collected rrom
arine fractions. Because of the ACME system being heavily loaded,
our programs took about on2 minute per compound identification.
However, the experience gained will be used to implement library
search routines on our current PDP-11 GC/MS data system. In addition
we have sent mass spectra fron several urine analyses to Dr. 5. Grotch,
Jet Propulsion Laboratory, Pasadena, California, in order that he
‘could use his library search routines on real data. 1In this instance
the limiting factor for efficient compound identification vas the
library cortent which was limited to a few compounds of biological
significance. 1In addition those compounds of interest that were
present in the litrary were often in a derivatized form different
from that used in our analytical methodology.

Application of GC/HRMS to Body Fluid Analysis

We reported in the last annual report of the DENDRAL project that
the Varian MAT 711 mass spectrometer was interfaced with a gas
chromatograph for the recordinj of low resolution mass spectra. We
have now used this system tor the recording of HRMS of gas
chromatographic rfractions from urine analyses. We wvere able to
record HRMS scans over several gas chromatographic peaks of interest
in a nunber ot urine fractions. The high resolution results were
found to be of a high quality in mass measurement accuracy. When
using the MAT 711 instrument for GC/HRMS the sensitivity of the ion
source was a limiting factor in that less intense gas chromatographic
peaks often lacked sufficient material to generate acceptable high
resolution mass spectra. Notwithstanding this limitation the HRHNS
data recorded on Jdifferent urine fractions was used to confirm the
jdentification of several metabolites. 1If by chance the metabolite
of concern was available only in quantities insufficient for direct
GC/HRMS, preparative GC would be used to concentrate the component
of interest for subsequent HRHNS.

7
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RESOURZE OPERATION

Over the term of this grant our mass spectrometry laboratories have
provided support to nuwmerous research projects in addition to the
DENDRAL computer progranm development project funded under this
grant. These cover a variety of applications at Stanford, in the
United States, and abroad. Included are problems in the study of
human netabolites, biochemistry, and natural product chemistry.
Samples have been run in collaboration with outside people both on
the MAT-711 GC/High Kesolution Mass Spectrometer system and the
Finnigan 1015 GC/Low Resolution Quadrupole Mass Spectrometer systemn.
The low resolution system has also been supported by a NASA research
grant.

The following tables summarize the support rendered in terms of
numbers of samples run through various types of analysis:

I; ¥KAT-711 High Resolution Systen (Period covered 11/71 - 6/73).

Batch Batch GC/High GC/Low
High Resol. Low Resol. Resol. Resol.
kS MS MS MS
DENDRAL program devel. 317 3
Stanford Genetics {Body
fluid analysis) 39 17 13
Stanford Chemistry {(non-
DENDRAL - Dr. Djerassi's
group) 91 112 50
stanford Chemistry (non-
DENDRAL - Drs. Vantamelen,
Johnson, Mosher, Collman,
altman, Goldstein) 29 23 4
Stanford Surgery ({Dr. Fair) 8
Dr. Adlerkreutz (Finland) 10
Dr. Venien (France) 26
Dr. Gilbert, Mors, Baker {Brazil} 40 a4
Dr. Orazi (Argentina) 19 1
Dr. Subramanian (India) 10 5
Dr. Khastgir (Indiaj) 5
Pr. O'Sullivan (Ireland) 5
Dr. Badr (Libya) 30
Dr. Mital (India) 5



624
samples

IT)

Note the samples run are specified by fluid type.
extracted and derivatized as described in Part B (ii)
Specific discussions of the

may cepresent several GC/LRiiS analyses.

215

samples

13 54
samples samples

FINNIGAN 1015 Low Resolution System (period covered 8/72-8/73)

Each fluid is
and theretfore

results of various of the analyses run are discussed earlier in

Part B(ii).

stanford Pediatrics {(Drs. Cann, Sunshine

and Johnson)

stanford Oncolecgy (Dr. Rosenberg)

Stanford Psychiatry - Genetics
(Drs. Brodie and Cavalli-Storza)

stanford Respiratory Medicine (Dr. Robin)

Stanford Pharmacology (Dr. Kalman)

stanford Biochemistry ({(Dr. Stark)
Stanford Children's Hospital
(Drs. Wilbur and Long)

UC San Francisco Medical School -
Dermatoloqy (Dr. Banda)

Menlo Park V.A. Hospital (Dr. Forrest)

Palo Alto V.A. Hollister

and Green)

Hospital {Drs.

University of Puerto Rico School of
Medicine (Dr. Garcia-Castro)

GC/Low
Resolution MS

24

13

urines

Amniotic Fluids
bloods

cerebrospinal fluids

urines

cerebrospinal fluids
urines

bloods

extracts

extracts
urines

urines

extracts
extracts

urines

243

sanmples
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PART B PUBLICATIONS

The following summarizes the publications resulting fron research in
the low resolution mass spectrometry laboratory over the past year,
including body fluid analysic. This laboratory has been jointly
supported by NIH (DENDrAL) and NASA. The listed publications include
research relevant to bhoth sponsors.

The Determination of Phenylalanine in Serum by Mass Fragmentography.
Clinical Biochenm., 6 (1973)
By W.E. Pereira, V.A. Baconm, Y. Hoyano, R. Summons and A.H. Duffield.

The Simultaneous Quantitation of Ten Amino Acids in Soil Extracts by
Mass Fragmentography

Anal. Biochem., 55, 236 (1973)

By. W.E. Pereira, Y. Hoyano, W.E. Reynolds, R.E. Summons and

A.M. Duffield.

An Analysis of Twelve Amind Acids in Biological Fluids by Mass
Fragmentographye. '
Anal. Chem.,
By R.E. Sunnons, W.E. pereira, W.E. Reynolds, T.C. Rindfleisch and
A.M. Duffield.

The Quantitation of B-Amino isobutyric Acid in Urine by Mass
Fragmentography.
clin. Chim. Acta, 1in press
By #.E. Pereira, K.E. Summons, 4.E. Reynolds, T.C. Rindfleisch and
A.M. Duffield.

The Determination of Ethanol in Blood and Urine by Mass Fragmentography.

Clin. Chim. Acta
By W.E. Pereira, R.E. Sunmons, T.C. Rindfleisch and A.M. Duffield.

A Study of the Electron Imrpact Pragmentation of Promazine Sulphoxide
and Promazine using Specifically Deuterated Analogues.

Austral. J. Chenm., 26, 325 (1973)
By M.D. Solomon, R. Sunnons, W. Pereira and A.M. Duffield.

Mass Spectrometry in Structural and Stereochemical Problems. CCXXXVII.
Electron Impact Induced Hydrogen Losses and Migrations in Some
Aromatic Amides

org. Mass Spectry., in press.

By A.M. Duffield, G. Delartino and C. Djerassi.

Spectrometrie de Masse. IX. Fragmentations Induites par Impact
Electrorique de Glycols- -En Serie Tetraline
Bull Soc. Chim. France, 2105 (1973).

Spectrometric de lMasse VIII. Elimination d*'can Induite par Impact
Electronique dans Le Tetrahydro—1,2,3,M-Napthtal—ene-diol—1,2.
org. Mass Spectre., 7, 357 (1373).
By P. Perros, J.P. Morizur, J. Kossanyi and A.M. Duffield.

~hlorination Studies I. The Reaction of Aqueous Hy pochlorous Acid
with Cytosine.
Biochem. Biophys. Res. Commun., 48, 880 {1972)
By W. Patton, V. Bacon, A.HN. puffield, B. Halpern, Y. Hoyano,
W. Pereira and J. Lederberg.
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Chlorination Studies II. The Reaction of Aqueous Hypochlorous Acid
with -amino Acids and Dipeptides.
Biochim. et Biophys. Acta, 313, 170 (1973).
By. W.E. Pereira, Y. Hoyano, R. Sunmmons, V.A. Bacon and A.M. Duffield.

Chlorination Studies IV. The Reaction of Aqueous Hypochlorous Acid
with Pyrimidine and Purinc Bases.

Biochem. Biophys. Res. Commun., 53, 1195 (1973).

By Y. Hoyano, V. Bacon, K.E. Sunmons, W.E. Pereira, B. Halpern and

A.M. Duffield.
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part C. EXTENSION OF THE THEORY OF MASS SPECTROMETRY BY COWPUTER

OBJECTIVES:

part C of the DENDRAL effort, termed Meta-DENDRAL, aims at providing
theory formation help for chemists interested in the mass spectronmetric
behaviosor of new classes of compounds. Our goals are necessarily
long-range because theory formation by computer is itself an exciting,
unsolved problenm in computer science. We have chosen to explore this
problen in the context of mass spectrometry in order to make

frontier computer research results available to working scientists.

The problem of finding judymental rules for use in a computer progran is
common to many biomedical computing projects, such as medical diagrosis
and therapy recommendation programs. <See, for example, Shortliffe,
et.al.> 1In order to give these programs the knowledge that makes them
perform at acceptable levels, a medical expert is often asked to
surmarize his own knowledge of the prohlem area in rules that the
projram can use. The Meta-DENDRAL theory formation program is a
paradigm for the kird of assistance that computers can give to the
medical experts in this role. Prograns of this sort can, first of all,
provide the expert with an interprsted sumnmnary of a large collection of
"hard" empirical data. Second, the program can suggest to the expert
plausible rules that appear to explain major features of the data.

Thus, the expert is able to assimilate large collections of data in the
rules jiven to the conmputer. We believe that the meta-DENDRAL work is a
useful model on which fruitful work in other biomedical problems can be

based.

The over-all strategy of this research is to model the theory
formation activity of scientists. de start with a set of empirical
data which are known rolecular structures and their associated mass
spectra. By exploring the possible mechanistic explanations of each
mass spectrum, the progran is able to find a set of mechanisms that
appear to be characteristic for the class of molecules. These
characteristic mechanisms constitute the general mass spectronmetry
rules for the class, or a first-level theory for the class. Further
refinenents of the rules give more sophisticated restatements of the

theory.

Wwe have designed the programs in such a way as to provide useful
results from the intermediate steps. The progress section discusses
several sets of results that have been obtained, even though the
entire program has not yet been completed.

PROGRESS:

In the past ten months (since January, 1973) the theory formation
programs have scen significant application and significant new
extensions. 1In addition, the workx has been described in publications
for both chenists and computer scientists.

Applications of Existing Programs.
The INTSUM program, for interpreting and summarizing the mass spectra
of many known compounds of one class, was described in the previous

annual report as essentially finished. 1In this last period ve have
used this program to help understand the mass spectrometry of several
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classes of comvounds, including estrogens, equilenins and other
estrogenic steroids, androstanes, alkyl pregnanes, vinyl quinazalones,
amino acids and aromatic acids. An article written for mass
spectroscopists and soon to appear in Tetrahedron {Smith, et.al,
anclosed) describes this program and its usefulness in undcrstanding
the previously unreported mass spectrometry of the equilenins. The
amino acid and aromatic acid results are useful for interpreting the
mass spectra taken from those fractions of urine (see Part b).

The INISUM program is available to anyone who requests it, as stated
in the article soon to appear. Because of the complexity of the
progran, we recommend that mass spectroscopists use

this program on a network computer after they have collected a number
of mass spectra from a class of compounds whose fragmentation
mechanisms they wish to investigate.

Recent Extensions to Meta-DENDRAL.

In this last period significant pragress has been made on the theory
formation programs that use the interpreted summary of the data provided
by the INTSUM program. A simple rule formation program, described
previously (KI7), finds the characteristic mass spectrometry mechanisams
far a class of compounds, assuming *hat the compounds aexhibit regular
behavisr as a class. Recent work has removed the restriction that the
compounds must behave as a class - important classes can be found by the
progran within the set of given compounds. The procedure was described
in a paper for the Third International Joint Conference on Artificial
Intelligence, which is enclosed. At the same time that the rule
formation program looks for characteristic mechanisms, the class
separation procedure refines the class of molecules that appear to
behave uniformly (i.e., appear to exhibit most of the characteristic

mechanisms).

Another important extension of the theory formation program makes the
rule descriptions more general and less specific to the class of
compounds studied. The mechanisms in the rules are now described
generally in terms of the kinds of honds that break, and not in

terms of the precise relations of the bonds to the skeletal structure
common to the class. For example, a rule is now stated as "Any

bond that is the second bond from a nitrogen atom is likely to
break", rather than "In the skeleton R1-C2-N3-C4-R5 the bond between
atoms 1 and 2 and the bond between atoms 4 and 5 are both likely to

break".

These general descriptions will allow much more freedom in the kinds of
interpretations that can bs placed on the INTSUH results. It is
possible, for example, to alter the set of predicates used to describe
bonds without altering the progranm.

The program can be conceptualized as a search program through the space
of possible combinations of predicates. Some predicates describe the
type of bond (e.g., 'single'), others describe the atoms joined by the
bond (e.g., 'nitrogen', *'secondary'), and others describe the bonds and
atoms next away from the bond that breaks. Some a priori heuristics
limit consideration of complex predicates to chemically meaningful
combinations, for example, by forbidding consideration of a single aton
as both carbon and nitrogen. Other heuristics guide the process of
expansiorn by forbidding a new predicate to be added to a description if
ts addition reduces the explanatory power of the existing description.
For example, if a high average intensity is associated with breaking the
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X-¥ bond in ¥X-X-} and further specification of either of the X's reduces
the average intensity, then the description is not changed.

In addition to the work just mentioned, a generative model of rule
formation has been pursue2d by Carl Farrell in his dissertation work
directed by Professor Feigznbauwm and Dr. Buchanan. He has written

a program which accepts, as input, descriptions of specific molecules
and all the primitive actions that might explain the mass spectra of
those molecules. The output of the program is a set of general
situation-action rules that describe classes of molecules that seem
to be characteristically show evidence of significant actions.

PLANS

In the following period we plan to increase the performance capabilities
of the theory formation program in several ways.

1. Sample Selection.

The program's current strategy is to find the rules exhibited by most
or all of the molecules in the initial sample. If the molecules are
diverse, the rules will be diverse. Thus, we plan to add a
preprocessor that can select a "simnle" set of molecules for the rule
formation to work with. For exauzple, unbranched {straight-chain)
compounds should be expected to present fewer complications for initial
theory formation than highly branched compounds. The effects of the
complicating features can be studied after the sinple rules have been

found.
2. Rule Clarification.

After simple rules have been found, we want the program to clarify
the conditions under which the rules hold. By studying more
complicated molecules, the program can find the simple rules that no
longer hold for these cases. FoOC example, we want the program to
discover that terminal alpna carbons (as 1in CH3-X-N) are special.
Or, the program should discover the effects of double bonds by
examining new cases even though the molecules in the original set
contained no double bonds.

3. Experimentation.

Because the original set of molecules contains the simpler examples
from which it is easier to find characteristic mechanisns, the
progran will need to clarify rules in the way suggested under (2).
For a huran scientist, this means describing new experiments to
perform that will help place limits on the range of applicability of
the rules. Looking at additional arbitrary molecules may be helpful,
but not as helpful as looking at the specific molecules that will
resolve specific questions about the preliminary rule set.

4. Integration of Results.

When the program has examined two or more classes of molecules, it
should be able to integrate the results into a common set of mechanisams
{if any are common). The set of predicates used by the integration
program may not have to be wider than the set used by the rule formation
progran, but one would expect the rules themselves to be more general.
For example, integrating aliphatic amine and ether results should
combine the separate alpha-cleavage rules (one with nitrogen, one
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with Ooxygen) 1nto a more gzneral rule (specifying 'N or 0', or
‘*heterocatont').

PART C REFPERENCES (Published or subizitted during this year)

D.H. Smith, B.G. Buchanan, W.C. ®White, E.A. Feigenbaum, C. Djerassi
and J. Lederberg, "Applications of Artificial Intelligence for
Chemical Inference X. INTSUM. A Data Interpretation Program as
Applied to the Collected Mass Spectra of Estrogenic Steroids".
Tetrahedron. In press.

B.G. Buchanan and N.S. Sridharan, "Analysis of Behavior of Chemical
Molecules: Rule Formation on Non-Homogeneous Classes of Objects".

In proceedings of the Third International Joint Conference on Artificial
Intelligence, Stanford University ({dugust, 1973). (Also Stanford
Artificial Intelligence Project Meno No. 215.)

Related Publications

D. Michie and B.G. Bucharan, "Currant Status of the Heuristic DENDRAL
Program for Applying Artificial Intelligence to the Interpretation of

Mass SpectraY. August, 1973.

E.H. Shortliffe, S.G. Axline, B.G. buchanan, T.C. Merrigan and
S.N. Cohen, "An Artificial Intelligence Program to Advise Physicians
Regarding Antimicrobial Therapy". Computers & Biomedical Research.

In Presse.
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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 collaboration with clinical investigators,
and blood and urine specimens will be collected from human subjects.
Collection of VOIDED URINE SPECIMENS presents no risk to the patient.
Collection of blood samples will not be taken solely for the purpose of
this research but rather would be collected as part of a diagnostic procedure
deemed necessary for clinical diagnosis.



The undersigned agrees to accept responsibility
for the scientific and technical conduct of the project
and for provision of required progress reports if a
grant is awarded as the result of this application.
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APPENDIX A

FIGURES 1-3
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FITE DPHO1594

UNCEFINED

THRESHOLD= 4,

SAMP RATE=10800 ,
(15.6 SECS,
NUMBER CF PEAKS FCUND=170
38 CALIB MASSES WITH LAST CNE=455.0,

FIGURE 2

USING BEP FILE MPRO1564
SCURCE IS urine-fraction:amincacids(Gehrke technique
CKE ID IS GVP-17H
MASS OF MCL ICN
RUN CN NMAT 711 EXP DOW®YN SCAd
BEAKS REJECTED

MISSED CALIBRATION MASSES:

281.0
EERBERRRSRRARRFRRR
28.0 9.5 31.0
81.0 0.3 93.0
131.0 -0.2 143.0
181.0 2.4 -193.0
231.0 4.1 243.0
305.0 0.4 319.0
367.0 0.6 381.0
431.0 2.0 443.0

TABLE OF

3.6
0.3
0.1

-2.3

4.4

-2.0
1.1

-5.0

DATE RUN 730313

107 FCR AREA,

44.0
100.0
155.0
205.0
255.0
331.0
393.0
455.0

MIN WIDTH= 2, MIN AREA= 1
1.49 DECS), TDEC=10.5
ARRAY SPACE USED({ 1750,/ 80C0)= 21.9%
6 MASSES ABCVE NCT FOUND

2.8

NN OO
e ¢ o » & @
-t N DO N

6.6

MASS FILE MPHO1594 HAS BFEN CREATED WITH 8U
3.7 VCLTS AKD REF BASE PEAK IS 174.5 VCLTS

SAMEPLE BASE PEAK IS
MATCHING TCLERANCE= 4.CC0 MMU FRCK MASS

MATCHING C 15 H 20 0 5 N

EASS
41.03931
43.053¢88
55.01820

55.05510
56.06277
57.07068
6u.01433
68.96245
68.97505
69.03101

70.03085

75.00519

83.01006

84.04382
85.02852

AREA
58.0
S.4
3.5

12.0

33.9
72.8

6.0

35.3

4 F
EXU ERR
0. 183
-0.899
1. 153
~-0. 189
0.321
0. 180
0.248
-1.721
1. 863

-1.698
2.907
1. 564

-1.682

-3.025
0.560

-0.585

-1.911

-3.253

-0.814
0.230

-1. 113
0.914

-0.429

L 6
CR

8

0 FOR WIDTEH

51.0
112.0
162.0
212.0
2€9.0
343.0
405.0

24.9
-0.5

0.1
-002
-0.9
~-2.2

4.4

MASSES FOUND

40 1O 700
CCMPCSITICN
C 3 H 5
cC 34 7
C T4 118
c 38 30
C 48 1
C 4 H 8
C 481 9
cC 18 4¢C
C 2H 2PFL
C 2 H 3N
C 4 5¢
cC 183 2N
cC 3 8B 40
H 4 8 2 FL
H 106 2K
cC 2H 3¢
C 38 1PFL
B 20 1FL
cC 28 1¢C
cC 48 3¢
C 2 H 2 FL
C 2H 4K
C 48 6C
C 2H 3C
C 48 5¢

W w

N od o & N -

- Lo W

=W

|- 4
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STANFORD UNIVERSITY

STANFORD, CALIFORNIA 94305

DEPARTMENT OF CHEMISTRY

December 17, 1973

Professor Carl Djerassi
Department of Chemistry
Stanford University
Stanford, California 94305

Dear Carl:

I am writing to indicate the anticipated use of mass spectral
facilities by my research group in the forseeable future. As has
been true in the past, we plan to utilize both GC/HRMS and simple
HRMS for various purposes, especially 1) the determination of structure
of enzymic cyclization products, including members of the Tanosterol
class, derived from squalene oxide-1ike substrates, the purpose being
the elucidation of the mechanism of enzymic steroid synthesis, and 2)
the characterization and confirmation of structures of intermediates
in the synthesis of natural products, including polycyclic terpenoids,
alkaloids of physiological interest, and nucleosides,and 3) identifi-
cation and/or structure determination of organic materials employed
in our organic-inorganic program devoted to nitrogen fixation and
related processes.

Very truly yours,

G ome

E. E. van Tamelen
Professor of Chemistry

EEvVT/j1b
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OFFICE MEMORANDUM ¢ STANFORD UNIVERSITY o OFFICE MEMORANDUM

Date: December 3, 73

T :
° Carl Djerassi

From : .
Keith Hodgson

SuslecT: Response to inquiry about GC/HRMS
facility

In response to your three questions
concerning the potential use of upgraded
GC/HRMS facilities:

1. Yes, especially in the study of certain
biological ligands and lower molecular
weight ligand-metal complexes.

2. Potential use of the facility might run
in the range of 8-10 samples per year most
of which probably would be handled most
easily by simple HRMS.

3. No, no research is cur
for the next 6 mon

(at least
C by NIH.

|

WNANYIOWIW 301440 o ALISYIAINN QUO4NVLIS & WNQNVVOWIW 3D1440 e ALISUIAINA QYOINVIS
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OFFICE MEMORANDUM o STANFORD UNIVERSITY ¢ OFFICE MEMORANDUM o STANFORD UNIVERSITY & OFFICE MEMORANDUM

Date:. December 3, 1973

To Professor Carl Djerassi

From James P, Collman
Professor of Chemistry

SUBJECT:

Please excuse our belated response to your inquiry of November 20
concerning a potential upgrading of mass spectrometry facilities. The
service you mention in your memo of the 20th would be valuable to us.
We would have significant use for the GC/HRMS for a project dealing
with models for cytochrome P4, based monooxygenases currently
supported by the NIH,

A

WACNVYIOWIW 301440 e ALISHIAINN GUOSNVYIS o WNANVIOWIW 3D1440 o ALISHIAINAN GEO3INVIS ¢ WNANVIOWIW 3D[430 e ALISHIAINN QUOINVLS e
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OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM

To

From

SuBJECT:

Date: December 13, 1973

Professor Djerassi
Professor Harry S. Mosher

Your proposal to the NIH

On our NIH Grant on the investigation of animal toxins we have been
studying natural products from the skin of Central American frogs
(atelopidtoxin) and some products from marine animals (nudibranchs) as
well as some new chaline esters isolated from the hypobranchial gland

of various sea snails. Some, if not all, of these are mixtures.

Obviously the new capabilities of the mass spectrometry laboratory

would be of value to me. I expect only occasional use of HRMS an.’
GC/HRMS , but on these occasions these techniques would be very important.

%L(/ S ool

/Ry

WNANVIOWIW 321440 o ALISYTAINN QUOINVLIS o WNANVIOWIW 2D1440 e ALISYIAINN QUOINVLS ¢ WNANVIOWIW 31440 o ALISUIAINA QUOINVLS o



OFFICE MEMORANDUM e STANFORD UNIVERSITY o OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM

Darte: 14 December 1973

To C. Djerassi
From : W. S. Johnson
SuslJECT:

The contemplated new facility for high resolution mass spectrometry and
combined gas chromatography/high resolution mass spectrometry would be
of extreme value to our research program concerning the non-enzymic
biogenetic-like cyclization of polyolefines, a project which is presently
supported by NIH Grant AM 3787-14. If this facility were to become
available, we would expect to use it extensively in the analysis of product
mixtures of the aforementioned cyclizatiuns. We estimate that our need for
the gas chromatographic capability would be about 20% of the total need
for the mass spectrometry service.

o). 4. Jeloers

WNAGNVYIOWIW 3FD1440 e ALISYIAINA QUOANVIS & WNAGNVIOWIW 3D1440 e ALISYIAINN QYOINVIS * WNANVYOWIW 3ID1440 e ALISYIAINN QYOINVLS
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STANFORD UNIVERSITY MEDICAL CENTER
STANFORD, CALIFORNIA 94305 o (415) 321.1200 Ex. 5785

STANFORD UNIVERSITY SCHOOL OF MEDICINE
Department of Anesthesia

November 30, 1973

Professor Joshua Lederberg
Department of Genetics
School of Medicine

Stanford University
Stanford, California 94305

Dear Dr. Lederberg:

Thank you for including my laboratories in the group which
could be served by a GC/HRMS facility. As you know,.Dr. Cohen
and I have our own GC/MS/ Computer System. Our use of the pro-
posed facility would be limited to those times when it is
necessary to use high resolution ot identify a metabolite. I
would estimate a need for three GC/HRMS and three HRMS Spectra
per year. My work is emtirely supported by the National Institutes

of Health.
Sincerely vyours kﬂ @alj
James R. Trudell, Ph.D.

JRT:rw

/36



HOV 27 3%

VETERANS ADMINISTRATION
HosPITAL
3801 MIRANDA AVENUE

PALO ALTO, CALIFORNIA 94304

IN REPLY
REFER TO:

November 26, 1973

Professor J. Lederberg
Department of Genetics
Stanford University School of
Medicine

Stanford, California 94305

Dear Prof. Lederberg:

Dr. Allan Duffield of your department has informed me that you
plan to obtain additional apparatus that would provide high resolutioen
GC/MS as a service to the Stanford community.

We have in the past used the hospitality of your department in the
jdentification of metabolites and derivatives of phenothiazine drugs and
cannabinoids by GC/MS. Originally, we had the collaboration of Dr. B.
Halpern and more recently Dr. A. Duffield, who was instrumental in
helping us with some of our problems. -

Our department would indeed be most interested in availing ourselves
of GC/MS analyses in the course of our current NIH projects which again
are concerned essentially with drug metabolism and the isolation and
characterization of unknown drug derivatives. :

As a rough estimate, I would think that we may-be interested in
the analyses of about five samples per month, two of which will require
high resolution MS. .

I certainly hope that your project to acquire the sophisticated
new instrumentation you are seeking will be successful.

Sincerely yours, ,

Irene S. Forrest, Ph.D.

Chief, Biochem. Research Lab.
(151F)

ISF:jr

Show veteran's full name, VA file number, and social security number on ali correspondence. / 2 7



OFFICE MEMORANDUM e STANFORD UNIVERSITY o OFFICE MEMORANDUM e STANFORD UNIVERSITY o OFFICE MEMORANOUM

OEC 3 1973

Date: November 305 1973

To Joshua Lederberg

FRoM 1. Rabinowitz, Ph.D.

D.1. Wilkinson, Ph.D.
SUBIECT: pE: NIH GC/HRMS Proposal

Research carried out in this department has strong]y implicated a role

for the prostaglandins in the etiology of psoriasis (E. M. Farber, K. Aso,

32nd Annual Meeting, American Academy Dermatology, Chicago, I11., Dec. 1973;

E. M. Farber et al, J. Invest. Derm.,in preparation; E. M. Farber et al,

Nature New Bio]ogy, in preparation). The prostaglandins are a class of

Cyo fatty ac1ds, having molecular weights near 350 and basal tissue con-
centrations in the nanogram and picogram per gram range. The frostaglandins are
presently detected by radioimmunoassay, biocassay and mass spectrometric
techniques, among others. There is considerable controversy concerning the
method of choice for measurement of absolute amounts of prostaglandin in various
tissues. In particular, it has been suggested that mass spectrometric techniques
yield more accurate quantitative assays than radioimmunoassay techniques (Adv.
Biosciences, 9, 71-123, 1973, Ed. G. Raspe, S. Bernhard, Pergamon Press, N.Y.).
Rad1o1mmunoassay techniques are currently in use in our 1aborator1es, and

the addition of mass spectrometry capability would greatly increase the
definitiveness of our studies, as well as make available to us a powerful

tool for the study of prostaglandin precursors and metabolites. Work to date
has been supported in part by NIH Grant No. AM 15107.

AL¢44p ﬂLZn~uw¢3?' I>ﬂ~45 R%thdahﬁ’

I. Rabinowitz, Ph.D. (;9 . I. Wilkinson, Ph.D.
Department of Cermatolo Department of Dermatology

)

IR:DIW:ss
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OFFICE MEMORANDUM ¢ STANFORD UNIVERSITY e OFFICE MEMORANDUM o STANFORD UNIVERSITY e OFFICE MEMORAN'DUM
pEC 3 1973

Date: November 30, 1973
Joshua Lederberg, Department of Genetics

T

° Carl Djerassi, Department of Chemistry

From Eugene D. Robin, M.D., Department of Resprl atory Medicine

Susiec: TOUr memo of November 20, 1973 describing a proposed GC/HRMS facility.

4

I have applied to the NIH for a continuation of my research grant, Adaptations
To 09 Depletion in which I have proposed to measure the redox state of NAD +/NADH
and NADPT/NADPH by measuring the ratio of oxidized to reduced redox pairs using g
gas chromatography/mass spectrometry. These analyses will be conducted with

the assistance of Drs. Alan Duffield and Wilfred Pereira of the Department of
Genetics. I welcome the opportunity to have a GC/HRMS facility available on
campus to support the GC/LRMS available i{n the department of genetics. The
facility you propose to establish will be of importance to us in those

instances where assignment of molecular composition to ionized fragme~ts is
crucial for wass spectral interpretation., I would anticipate using this service
between one and two times a month, )

Sincerely yours,

Eﬁgﬁée D.:Robin, M.D.

Professor of Medicine and Physiology

EDR:ods

[INVEOWAW 221440 o ALISYIAINA GYOANYAS  WNANVYIOWIW 3204dQ o ALISUIAINN GUOINYLS © WNANVEOWIW 321340 ® ALISYIAINN QUOINVAS e
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Nov 39 1873

VETERANS ADMINISTRATION

HospPITAL
3801 MIRANDA AVENUE

PALO ALTO, CALIFORNIA 94304

November 28, 1973 REFER 70:

Dr. Joshua Lederberg

Department of Genetics

Stanford University School of Medicine
Palo Alto, California 94305

Dear Dr. Lederberg:

I should be very pleased if you were able to obtain through
the National Institutes of Health a GC/MS facility which could be
shared jointly by members of the Stanford University faculty.

At present, I am being funded under grant DA-00424-01 for a
study of the metabolism of ma.ihuana. We have made significant
progress in our methods of extracting metabolites, in isolating
new ones by thin-layer chromatographic techniques, and by purify-
ing them to some degree as determined by GLC. The big bottleneck
has been the lack of ready access to a GC/MS set-up which would
permit further characterization of the metabolites.

Our needs would be primarily for GC/low resolution MS, for
which we have extensive need, perhaps the analysis of 15-25 samples
per month. Depending on the outcome of these analyses, we might
have 1 to 2 samples per month requiring GC/high resolution MS. We
anticipate having little need for high resolution MS without GC
because of the fact that our samples are isolated from complex
mixtures and are nearly impossible to purify.

If there is any way in which I could assist in helping obtain
such a facility for the University, please let me know.

Sincexely yours?

Leo E. Hollister, M.D. -
Associate Professor of Medicine

LEH:bh

Show veteran's full name, VA file number, and social security number on all correspondence.
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. STANFORD UNIVERSITY HOSPITAL
Pharmacy Department

Date September 5, 1973

Yo: ., Dr. J. Lederberg, Director
Department of Genetics

. From: Hiram H. Sera, Director Q’l{jﬁ{ @LQJ‘”\

Sugject: Drug Analysis Service with Gas Chromatograph and Mass Spect-~
rometer, -

X wish to express our appreciation to your department for assisting us in
identifying a drug sample submitted to us from the El patient -:are area,

BACKGROUND :

The patient on ElA with G.I. disturbance, joint bains and occasional

spike temperature was found to possess an unidentified medication in a

plastic vial and was found to have self-administered the drug intramus-
cularly while in the hospital. The house staff was notified and the drug

sample was submitted to us for immediate identification,

Through my previous association and knowledge of Drs. Summons' and V.

Perieras' (in Dr. Duffield's instrumentation research laboratory) work
with gas chromatograph and mass spectrometer, I had taken the liberty

to request their assistance in the identification,

In an hour, the determination was made and the drug was found to be
Pentazocaine or Talwin which is a synthetic analgesic used commonly in
this hospital in tablet and injection forms,

Since we do occasionally receive similar requests from physicians, I
wish to call on your staff again in the future, Thank you,

HHS: 1h

cc: Mr. John Williams
Dr. Roger Summons
Dr. W. Periera
Dr, A. Duffield

/8/



OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM e STANFORD UNIVERSITY ¢ OFFICE MEMORANDU?

To

From

SusJECT:

Dare: November 26, 1973

Joshua Lederberg, Department of Chemistry
Carl Djerassi, Department of Chemistry

Sumner M. Kalman

Mass Spectrometry, Your Memo 'of November 20, 1973.

A central facility for mass spectrometry and GC/MS would be
highly desirable from my point of view. We often need to identify
metabolites of drugs that interfere with our assays, and that represent
research problems as well. Frequently we need to check the purity of
a reference material which is in short supply. I have received much
heln from both your laboratories in the past and would welcome the
opportunity to use an expanded facility. For many of our prchlems low
resolution MS is satisfactory and I hope you mean to provide this
service too. )

With respect to your questions I anticipate that
(1) Yes.

(2) We would probably use GC/MS once a month or more. We
would use MS at about the same rate.

(3) Yes.

Sincerely yours,

e . Jelhons 21

Sumner M. Kalman, M.D.
Professor of Pharmacology
Director, Drug Assay Lab

/3
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OFFICE MEMORANDUM o STANFORD UNIVERSITY o OFFICE MEMORANDUM e STANFORD UNIVERSITY e OFFICE MEMORANDUM

To
From

SuBJECT:

DEC 3 1973

Datre: 3 December 1973

Joshua Lederberg
Jack Barchas

GC/HRM§

Our thanks to you and Alan Duffield for inquiring of our interest
in the proposed GC/HRMS. We would find it quite useful, as we
are currently applying for funding for a quadrupole mass spectro-

‘meter for mass fragmentography studies. With such a unit, there

would be many times when the capability of the HRMS instrumentation
woulu be valuable in structural elucidation. We would expect very
heavy utilization of our instrument if we were to.obtain the funding,
and, therefore, would expect to make considerable use of the proposed
GC/HRMS, which is an essential ancillary tocol.

The GC aspects of the instrument would be valuable, since we would
expect to be studying a number of unknowns and the GC separation

would be an integral part of that process.

Our work is suppor&ed by NIMH, ONR, NASA, and the Alcohol Abuse

division of HEW.
}MA

JDB/rs -

/33
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NOV 34 1878

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
AMES RESEARCH CENTER
MOFFETT FiELD, CALIFORNIA 94035

REPLY TO
arinoF: LPE: 239-9 November 28, 1973

Professor Joshua Lederberg:
Department of Genetics
School of Medicine

Stanford University
Stanford, CA 94305

Dear Professor Lederberg:

I was delighted to learn of your proposed plans to upgrade your
mass spectrometry capabilities by providing routine high recolution
mass spectrometry (HRMS) and combined gas ch_romatography/

high resolution mass spectrometry (GC/HRMS). Such a service
could be of inestimable value to our program. As you know we are
developing gas chromatography/high resolution mass spectrometry
facilities for NASA's interests. In particular we are modifying

our equipment in order to determine carbon and nitrogen isotopic
compositions of organic molecules. If available we would use your
proposed facilities for our routine GC /HRMS analysis of biologically
significant molecules which are sought in our program. Most of
our work requires GC/HRMS as opposed to HRMS. In addition, we
are also most interested in computer programs which aid in mass
spectral interpretations. Although we have a few of our own
programs, we would be most eager to upgrade our own interpretation
capabilities through use of programs from your fa:cility.

Our work thus far has been supported solely by NASA; we are not
supported at present by NIH.

I hope that our expression of interest will be of use to you in obtaining
funding for a potentially most useful analytical facility.

Sincerely yours,
I” ‘.
/5_‘- . ) . Vs
NV‘V’\‘ C’:, _‘A-O-M»-r.i-r( z_"_/"
Keith A. Kvenvolden

Chief, Chemical Evolution
Branch
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OFFICE MEMORANDUM o

To

From

SusJECT:

hov 20 1973

Dare: November 28,.1973

Joshua Lederberg, Ph.D.
S$331

William R, Fair, M.D.
5287

Use of facilities for high resolution mass spectral analysis with gas
chromatography.

As your memo of November 1973 requested, we have answered the questions concerning
our interest in GC/HRMS.

1.

3.

This service would be of definite value to us in two projects currently being
investigated in our laboratories. a) The identification, distribution, and
biological significance of the prostatic antibacterial factor (PAF). Our
preliminary experiments indicate tl.at this is a basic polypeptide, perhaps
attached to a divalent metal such as zinc. b) This service would also be of
value in the determination of the urinary polyamine levels in patients with
various genitourinary tract malignancies. Our initial experiments along this
line indicate that there is significant elevation of polyamines in patients with
prostatic carcinoma. The use of GC/HRMS would enable a more precise quantita-
tion of these differences and enable us to expand our research into other areas
concerning the biochemical significance of the polyamines.

I would estimate that on the PAF project we would use approximately 2-4 samples
per month and perhaps 10-12 samples per month on the polyamine projects. Both
of these projects would require the use of GC/HRMS.

A portion of our research on the PAF is currently supported by a grant from the

NIH. The amount of this grant is $36,698, and this grant will terminate on
December 31, 1974,

/38
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