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NANCY CAMPBELL:  Thank you for your own historical work in the field. Could you tell me about your own pathway to addiction research?

KENNER RICE:  My work in addiction research began in late May or early June 1974, when I started working in Dr. Everette May’s group as a postdoctoral fellow.  I was trained only in organic chemistry in graduate school. I had worked for Ciba-Geigy Pharmaceutical Company for a few years after I finished my military service at Walter Reed Army Institute of Research, where I worked on anti-malarial drugs during the Vietnam War. Malaria was a very serious problem over there, and it was the cerebral malaria that was drug resistant.  The Army had a big program on anti-malarial drugs.  When I finished there, I worked for Ciba-Geigy for a few years, and then I decided that industrial research was not really what I wanted to do.  So I left a very good job in process research at Ciba-Geigy in Summit, New Jersey, to come down and take a postdoctoral position at NIH.  So I knew how to make compounds, but I didn’t know why I was making them or anything about pharmacology.  I had good training, both in graduate school and with Ciba-Geigy, and so I was well prepared to do organic chemistry.  I started working with Everette May and worked with him two years until his retirement in February of 1977.

NIH recognized that I could make compounds very well, so I ended up getting a permanent job there, which even then was difficult to do.  Dr. May helped me and there were a number of pharmacologists working in the building that I worked in.  Phil Skolnick was working on the mechanism of action of benzodiazepines.  He was a good friend of mine, and I learned a lot of pharmacology from Phil.  Arthur Jacobsen was the biological coordinator of the drug testing program. He succeeded Everette May at Dr. May’s retirement.  Arthur and I were almost in adjacent rooms, and we talked a lot about pharmacology.

When I first started working in chemistry with Everette May, a fellow named Bob Willette, who was involved with the NIDA chemistry program at that time, used to sit with Arthur and talk for what seemed to me to be hours about how these drugs worked, does it do this, or does it do that.  I couldn’t understand how they could spend that much time talking until I really began to get a little bit of understanding myself of how these drugs worked.  

NC:  What was your working relationship was like with Everette May?

KR:  It was wonderful.  Everette May is the best example of a Southern gentleman that I’ve ever met.  He was a person that could motivate anybody, just by being there, and just by example.  He was an excellent scientist.  He’s still living and I talked to him just last week. He’ll be 90 on August 14, 2003.  Everette May was a wonderful guy, a wonderful scientist.  He probably influenced my career more than anyone else, in terms of motivation towards pharmacology and drug abuse research.  He recognized what I could do from a organic chemical synthesis viewpoint, and he thought that would be good for the field. That’s how I ended up getting a permanent job at NIH.

NC:  What do you think drew Everette May to the field?

KR:  Remember that when this program started in 1929 at the University of Virginia, it was run by Lyndon Small. Eric Mosettig was his assistant, who came from a chemical group in Austria, with an assistant named Alfred Berger.  Everette May joined that group in 1936 or ’37 as a postdoctoral fellow.  He’s the only one that’s still alive who was in that original group in Charlottesville.  They spent ten years in Charlottesville, and then they came to 25th and E Street in temporary quarters in Washington for two years.  In May of 1940 they moved into Building 4, after it was completed.  Everette May had left the group after completion of his Ph.D., and spent a couple of years in industry. He basically did the same thing I did.  He decided he didn’t want to work in industry, so he came back to work with Dr. Mosettig.  He joined the group on December 1, 1941.  His Ph.D. thesis was on anti-malarial drugs.  Then he started working in the drug abuse field.  They pretty much suspended the opioid research during the Second World War to work on anti-malarials.  Dr. May discovered an anti-malarial that proved to be a lifesaving drug in Vietnam. I don’t know what the drug name for it was but it was a bromophenanthrene methanol class compound that proved to be a lifesaving drug for resistant falciparum malaria in Vietnam.  
After the Second World War, methadone had come from Germany.  We didn’t know anything about methadone until after the war.  The Germans didn’t have much access to opium, but they had methadone, and that was the main drug they used to treat battle casualties.  Maybe I shouldn’t say the main drug, but it was an important drug that Germany used to treat pain in battle casualties.  After the war we became aware of methadone, so it was taken up at the end of the war when they stopped working on anti-malarial drugs and went back to working on opiate drugs.  
Methadone was a new structure for them, and Everette May started working on making derivatives of methadone.  He made all the possible methadols, which is reduction of the carbonyl group to an alcohol group.  Now you’ve got two asymmetric carbon atoms, so you start getting into optical isomers and diastereomers and stuff like that.  So he made all the methadols, and he made all the acetyl methadols, one of which was LAAM.  That’s where LAAM came from.  
I’ve got a photograph of that group that was taken in the ‘50s. There was one unidentified lady in that photograph. The only other person who’s alive that was in that group was Joe Ager.  He couldn’t remember this lady’s name.  Just a couple of weeks ago, I sent a high-quality Xerox copy down to Everette May and he couldn’t remember her name, either.  That was over 50 years ago.  So we started looking through Dr. May’s papers.  They usually didn’t acknowledge technicians, but there was one paper in which they acknowledged Louise Atwell and another lady, Flora Gillam. Louise Atwell was Dr. Eddy’s biological assistant when he refined the hotplate test. Louise Atwell was the technician who was there when I started in Dr. May’s group.  She ran all the hotplate assays. That was the only test they had for a while that detects morphine-like compounds.  But it doesn’t detect antagonists.  Naloxone went through that test, and it was deemed to be an inactive compound, and it sat around for a long time until they started figuring out, hey, this thing might be an antagonist.  
So that’s how Dr. May got into it.  May’s work still influences our research program at NIH. He was born in 1914 and by 1954, he was 40 and beginning to become his own scientist. He did his Ph.D. and his postdoctoral work under Small and Mosettig, and worked with them for a period of years. May originated some very significant research in the early 1950s.  They published a series of papers, mostly in the Journal of Organic Chemistry, called “Structures Related to Morphine.”  It was a serial list of papers that went well into the 30s before they quit publishing that.  The whole goal of the analgesic program was to find a non-addicting morphine.  They came up with metapon and then they were looking for other structures.  Everette May conceptualized the class of drugs known as the 5-phenylmorphans and the class of drugs known as the 6,7-benzomorphans.  The first one he published was the 5-phenylmorphans, a very interesting class of compounds.  
Molecules are very small three-dimensional objects.  Like your right hand and your left hand, they can form mirror images in certain cases.  Now, the phenylmorphans are one case where you can form mirror images that are different compounds that have different effects on biological systems.  Almost all the chemical properties are the same, but there’s one significant difference in chemical properties that I won’t go into.  If you view the drug recognition site as a glove, only the left hand fits and the right hand doesn’t.

The opium products have mirror images, too.  With morphine, you can synthesize the unnatural isomer of morphine, which we did.  It turns out that only the naturally derived morphine has any narcotic action.  The mirror-image form of morphine that you can make by chemical synthesis doesn’t have any effect on the receptors, or any biological effects.  However, when you get to the phenylmorphans, both of the isomers have effects, and that’s what makes them a very interesting class of compounds.  They have different effects.  One of these isomers of this phenylmorphan that May synthesized, one of the first in that series, was four times as potent as morphine in the animal test.  It was just like morphine only four times as potent.  The other isomer was what’s known as a mixed agonist-antagonist, like nalorphine.  It was equally potent as morphine in the animal test for analgesia, the hotplate assay, yet it would antagonize the effects of morphine.  So here you have mirror-image forms of this compound.  One is a morphine, and the other is an antagonist of morphine.  Now, how does that work? How does the receptor recognize them differently to elicit these different effects?  
This whole thing is complicated by multiple opioid receptor subtypes. A compound can be a mu agonist; it can be a kappa antagonist; it can be a kappa agonist.  The point of all this discussion is that Everette May came up with two very important classes of compounds, the benzomorphans and the phenylmorphans.  Our work has centered on them. Phenylmorphans have a ring that can spin around.  It has a hydroxyl group that’s essential for the activity.  If you have one part of the phenylmorphan sitting still, and the other group is rotating, it can take any angle it wants when it binds to the receptors.  What we’ve been doing is locking that ring that can spin into fixed angles with respect to the rest of it and looking at the activity of those. We hope to be able to determine which angle of the ring confers the full agonist activity, and which angle confers the mixed agonist activity.  This way we may learn more about the combining site for drugs to confer one type of pharmacologic activity or other.

The organic chemistry for the chemical synthesis of these compounds is pretty complicated.  It’s pretty tough to get these reactions to work right, so we’ve been working on this for a while.  There are twelve rhizomates possible in the series that we’re working on.  We’ve synthesized 10 or 11 of them, so we’re pretty close to getting the last compound.  To get some of these compounds required developing a new chemistry. 

The 6,7-benzomorphans are simplified opiate drugs.  You can take some of the groups away from morphine and open up two of the rings, and end up with the 6,7-benzomorphans.  This is how Everette May conceived the dissection of the morphine molecule. They synthesized the 6,7-benzomorphans in an attempt to simplify the morphine carbon-nitrogen skeleton and get active drugs.  It was already known at that time that meperidine was distantly related to the morphine alkaloids. It was a much simpler compound than the morphine alkaloids. That was one impetus for simplification of the structure.  A bit later, in the late ‘50s, Kenneth Bentley, in England, started making more complex structures from the Diels-Alder products thebaine.  This is where etorphine came from. Etorphine is seven to 9,000 times as potent as morphine, depending on which test you use.  Buprenorphine came out of that series.  

Kenneth Bentley originated the more complex compounds.  May was making simpler compounds and getting very interesting compounds.  Bentley said, well, let’s make them more rigid, and let’s make them more complex.  They used a reaction in organic chemistry, starting with thebaine, known as a Diels-Alder reaction, to build up another ring onto the morphine alpha, to the morphine carbon-nitrogen skeleton.  Bentley made them more complicated.  They got interesting compounds in a series still being worked on today by John Lewis.  

NC:  Can you tell me more about where buprenorphine came from?

KR:  Buprenorphine is a compound that was synthesized when Bentley was the boss.  If you want to know more about Bentley’s work on the more complex compounds, one of my former postdocs is here at the meeting.  His name is Andy Coop and he is the successor to Arthur Jacobsen on the Drug Evaluation Committee.  Andy is only the fourth coordinator for that group, after Dr. Eddy, Dr. May, and Arthur Jacobsen.  Andy Coop worked for John Lewis and got his Ph.D. under John Lewis, who developed buprenorphine, who was in Bentley’s group.  Bentley is still alive.  He writes a review article every year for the Journal of the Chemical Society Reviews. 

John Lewis, who later became director of chemistry at Reckitt and Coleman, pioneered buprenorphine and pushed to get on the market.  Buprenorphine came out of the chemistry that Bentley and Lewis were doing.  They published five papers, back to back, in the Journal of American Chemical Society in the early ‘60s, describing all the work that they had done up to that time and disclosing the incredibly potent compounds that came out of that series.  Before those papers were published, the most potent compound known to man, known to Dr. Eddy, was etonitazine.  

Etonitazine has a funny structure and is 1,400 times as potent as morphine.  It was a totally different structure from anything related to any known analgesic at the time.  It was discovered at Ciba-Geigy in the screening of compounds.  Like most compounds it was synthesized as something else, but it gave the Straub tail reaction that is such a good indicator of morphine-like activity.  So they did a very careful optimization of the structure of etonitazine by making a lot of compounds and testing them. They published the results in Helvetica Chemica Acta in 1955. The first author was Hunger. That was a very interesting compound.  It’s got a mu agonist type profile, and there’s some pharmacologic evidence for mu1 and mu2, subtypes of mu receptors.  But it has more respiratory depression associated with it, and that’s why it never went anywhere, since it offered no advantage over morphine.  Just because it’s more potent doesn’t mean it’s any better than morphine.  When you get into these ultra-potent compounds, just a small error in measurement can kill somebody, which is a minus of these ultra-potent compounds.  This was overcome with fentanyl and sufentanil. These are extremely potent compounds, 80 times as potent as morphine.  

NC:  What can you tell me about the other class that the Everette May characterized, the 6,7-benzomorphans?
KR:  Everette May must have published 80 papers on the 6,7-benzomorphans that he discovered.  These were very important compounds. You can make compounds, but if you don’t evaluate them correctly with the right test, you’re not going to find out everything about them.  Work began in 1934 with Eddy and Clifton Himmelsbach, first at the federal penitentiary in Fort Leavenworth, then in temporary quarters, and starting in May of 1935, in new quarters at Lexington.

At that time they were allowed to study drugs in humans.  First they studied some of these 6,7-benzomorphans that May and his associates had made.  Some of them didn’t seem to produce morphine-like dependence in monkeys, yet they were strong analgesics that would go up to 50 times as potent as morphine.  Later when they got them into man, they showed some propensity to produce dependence.  Some of those compounds were benzomorphans that crossed over to kappa agonists more than they tended to do in general in the morphine series.  They get more kappa character.  And kappa agonists are dysphoric.  So they were testing some of these compounds that were very potent.  Cyclazocine is one.  They were very potent compounds in the animal tests, but when they put them into humans, instead of being euphoric, like morphine or heroin, they were extremely dysphoric.  They didn’t understand why these compounds were dysphoric at the time, because this was well before the discovery of the opioid receptors.  All they knew is it made these prisoners feel horrible and they wouldn’t take a second dose in some cases.  They would later turn out to be kappa agonists.

NC:  What can you tell us about the studies at Lexington?

KR: Clifton Himmelsbach invented the Himmelsbach Scale for measuring morphine withdrawal at Lexington.  When they started the analgesic program, the group that originated the program said we need chemistry, and picked Small, who picked Mosettig and Berger.  They said, We need pharmacology, and they picked Nathan Eddy.  And we need clinical, and they picked Himmelsbach.  When they were planning this in February of 1928, Reid Hunt said that it might be possible to change the structure of the morphine molecule to eliminate the side effects and still retain the desired effects.  He also said, “Work like this is going to require the close cooperation between the highest level of chemists, pharmacologists, and clinicians.”

When they started the clinical program, they didn’t have anywhere to go to set it up.  So they set it up in Fort Leavenworth, Kansas, in the federal penitentiary there, until they could finish building Lexington.

NC:  Did you actually know Lyndon Small? 
KR:  I never knew Dr. Small.  He died in 1959 at the age of 60 or 61.  He was a member of the National Academy and his obituary is printed in the biographical memoirs of the National Academy.  I’d better preface this with where the field was when Dr. Small started.  Morphine alkaloid had been isolated and first published in 1806. People usually cite this 1805 paper, but that is not morphine, that’s meconic acid.  I have read the original.  I’ve had the original papers, printed in German script, read to me by a guy who could read German script.  I have a translation of the paper published in 1817 that describes the experiments that he did by giving himself morphine.  He isolated pure morphine from opium, obtained it pure by crystallization, recognized it was a base, recognized it was phenolic, and recognized that it had the same properties in animals, including humans, as opium did.  Knowing what we know now about the opium constituents, it had to be morphine.  They didn’t take melting points for characterization in those days.  They used beet juice as litmus paper.  It was morphine.  He describes how he almost overdosed himself and two young subjects in that 1817 paper.  

So morphine was discovered then.  Organic chemistry couldn’t deal with the complex structure of morphine at that time.  Nowadays, if you have crystalline morphine, it might take less than 24 hours to elucidate the structure completely.  They worked on it from 1806 until 1925, until the correct structure of morphine was known. It wasn’t completely proven, but it was correctly proposed in 1925 by Sir Robert Robinson, the famous English chemist, based on years of work.  In those days the way you determined the structure of a natural product was to use chemical reactions to break it up into smaller pieces. You identified the smaller pieces, and then you tried to put them back together and figure out if the structure you proposed met all known data.  
The final proof of structure was chemical synthesis by using known reactions.  That occurred in 1952 by Marshall Gates and Tschudi, published in the Journal of American Chemical Society.  What I’m getting at is that Small began his work only four years after the correct structure was proposed for morphine.  It wasn’t universally accepted at the time because there had been a number of very similar structures that you could argue that, no, it’s this, not that. 
Small chose to accept Sir Robert Robinson’s structure and based all of his work on that structure.  Small started derivatizing morphine. His program had two arms.  The first arm was derivatizing morphine, exploring the chemical reactions of morphine, testing all the new compounds.  First thing they did was took the known compounds – morphine, codeine, dihydromorphine – and made pure samples of them.  We still have all Small’s old samples.  Small smoked cigars, and he used cigar boxes to store his samples.  We have the original samples from Dr. Eddy’s collection in Bethesda, stored correctly in a special secure room.

The first thing they did was get pure samples of everything.  They were the standards.  The way pharmacology worked in those days, and even today, was that you have standard drugs, and you measure other drugs relative to them.  Then Small started making derivatives of morphine.  Mosettig, who was Small’s lieutenant, was a very good organic chemist who came from Professor Spaeth, who was a very famous medicinal chemist in Graz, Austria, in the 1910s, 20s, and 30s.

The other arm of the program was they knew what chemical functional groups were present in the morphine molecule.  They knew it had a phenolic hydroxyl.  They knew it had a nitrogen that was basic.  They knew it had an alcohol. They also knew that morphine had some relationship to a substance known as phenanthrine that is an aromatic structure with three rings because a lot of the studies that attempted to break up the morphine molecule or degrade it into smaller pieces would get these phenanthrines.  The second arm of Small’s program involved taking the functional groups that were present in morphine and adding them to phenanthrine.

Those were the two arms of the program.  The derivatization of a known active compound was much more likely to yield an active compound than starting with compounds unrelated to the morphine structure and hanging groups onto them.  But one of the compounds that came out of Mosettig’s group was almost as potent as codeine in analgesic testing, but had no dependence liability.  They couldn’t produce opiate dependence.  And that compound went into man.  It was the best compound that came out of the other arm of the program.  I think it’s NIH 259.  I’m not sure.  I’ll verify that when I get the transcript.  Or 257, one of those.  But they had an unexpected toxic reaction in humans, and they dropped the compound.  That’s what Dr. Eddy says in his book.  I suspect it was a cardiovascular effect, but I don’t know what type of toxic reaction it was.

Small made a lot of compounds.  He’d discovered a lot of different reactions of the morphine alkaloids and published a lot of papers in the morphine alkaloids.  He studied the chlorocodides, the C-ring isomers of codeine and others.  One reaction that he studied was the addition of alkyl lithium reagents to thebaine and also to dihydrothebaine.  He got a compound out of that that was converted through several chemical steps to metapon.  Metopon was the first example, the proof of principle, of Reid Hunt’s hypothesis that structural manipulation of the morphine molecule may be able to separate the undesirable effects from the desirable effects.  Metapon was about four or five times as potent as morphine as an analgesic, but it produced less dependence, onset of dependence and tolerance was slower, and it was a clear-cut effect.  They published several papers, one in JPET, the Journal of Pharmacology and Experimental Therapeutics, in the ‘30s.  This proof of principle still permeates opioid research today.  Other examples of this are buprenorphine, butorphanol, and nalbuphene.

Reid Hunt further said that synthetic drugs that don’t produce as much dependence or tolerance as morphine could lower the requirements for morphine, just like development of the synthetic local anesthetics lowered the requirements for cocaine.  That’s how Reid Hunt envisioned it to work.  
NC: Do you still very much see the work that you’re doing today as founded upon that effort?
KR:  Yes, and upon Small’s work and May’s work.
NC: I’d like to ask you about something you said earlier. You said, “I knew how to make compounds very well, but I didn’t know why I was making them.” Could you talk about how you learned why you were making them, and your learning process? 
KR:  I basically became a medicinal chemist after starting as an organic chemist. I always had an interest in medicinal chemistry, but I didn’t really know much about it.  My thesis was on streptomycin, an antibiotic.  When I got to Everette May’s group I realized I didn’t know anything. I didn’t even know what a synapse was.  That’s where the nerve cells talk to one another.  Just one year after I entered May’s group, multiple opiate receptors were visualized. The opiate receptor had been singular, had been published in Science by Candace Pert and Solomon Snyder, by Lars Terenius, and by Eric Simon. He used etorphine as his ligand.  So then everybody in May’s group started thinking – now, this is what these drugs do, they interact with this receptor.  What we started thinking about then is how can we figure out how they interact with the receptor, and how can we characterize this receptor and learn more about it from a biochemical standpoint?  At that time we were collaborating with Werner Klee at NIH. One of the goals of this research was purifying the opiate receptor to homogeneity, protein purification to homogeneity. There was some evidence for multiplicity of opiate receptors at that time, but they hadn’t been fully completely demonstrated.

NC:  Would you attribute that to William R. Martin?

KR:  Yes.  He was the first to say, in Pharmacologic Reviews in 1967, that these actions that I see in the chronic spinal dog must be attributable to different types of opioid receptors, and I’m going to call one of them the mu receptor because these are the effects that morphine produced.  I’m going to call another one the kappa receptor because this is what is produced by ketocyclazocine, a compound similar to what we were talking about earlier.  I’m going to call the other one the sigma receptor.  The sigma receptor that Martin postulated was thought to be an opiate receptor because the ligand they were using was a compound called SKF10047, which is a benzomorphan, of which Everette May was one of the authors on the original paper, along with some guys from Smith Kline & French Company.  This is one illustration the heterogeneity of the receptors.
The sigma receptor turned out not to be an opiate receptor.  What Martin was seeing was a receptor, was the effects from the minus isomer. He was using the mixture of mirror images to study as his primary ligand.  So he was seeing effects from the minus isomer, from the left-handed form, and he was seeing a multiplicity of effects from the right-handed form.  This took about ten years to unravel.  Later the delta receptor was discovered by pharmacologic measurements by Kosterlitz because after he isolated these peptides, he had to explain what they were interacting with in the brain in their natural state.  They had evidence then for the third type of receptor, the delta receptor.  All of these have been cloned now.

I started learning something about pharmacology when we were trying to figure out how to make a drug to label the receptor so the label would stay on it during the purification.  We started taking opiate ligands and putting reactive functional groups on them that could form a covalent bond with the receptor.  These are also known as affinity labels.  It’s a two-stage process.  The drug bonds to the receptor, and then this reactive functional group on the receptor now forms a covalent bond so they can’t separate.  So if you’ve got the drug label with tritium, then you have a nonreversible tritium label on the receptor. My approach was to take the most potent opioids known to man at the time, and use diverse structures, and do the synthetically simplest thing first.  One of the ones we chose was etonitazine, that compound that we talked about earlier.  That compound has a nitro functional group in it which was easily convertible to an isothiocyanate function, which formed a covalent bond with the mu receptor.  Then we took fentanyl, which is a mu ligand with fentanyl when you put an isothiocyanate group in the paraposition of the phenethyl group, binds to mu reversibly, but it binds irreversibly to delta.  This was a real surprise.

So I had to begin to understand binding at that point, and I started thinking in terms of the receptor being just another chemical.  So I started thinking in the organic chemistry terms of how can we attach this to this?  We made another series of compounds based on the etorphine drugs, the Bentley drugs, and out of this we got a compound that only labeled mu receptors and another compound that only labeled delta receptors.  Now we had affinity labels where you could differentiate between mu and delta.  We published that in Science in 1981, and it was a big deal back in those days.

We labeled these compounds with tritium, and we used this fentanyl isothiocyanate – which we called FIT for short - you know how pharmacologists like to put names on compounds, so we called it FIT, fentanyl isothiocyanate, or FIT.  The one that labeled mu was a benzimidazole isothiocyanate, which we called BIT.  BIT and FIT, the dynamic duo.  We tritium labeled the fentanyl isothiocyanate, and then Werner was able to label to delta receptors with it, and rigorously show that it was covalently bound and that it was labeling the opiate receptor, because if you put in a competing ligand to block the receptor, the drug didn’t label it anymore.  If you put in the mirror image of that form that didn’t bind to the receptor, it labeled it.  This is where the concept of the mirror images, one that does it and one that doesn’t do it, came up.  Later we came up with a more potent fentanyl isothiocyanate, a more potent derivative.  And one nanomolar concentration, 10 to minus 9 molar, it depleted half of the receptors.  Then Werner used that to purify the delta receptor to homogeneity.

In being part of this I had to learn some stuff about pharmacology.  I had to learn what scachet analysis was and started working my way into pharmacology.  I was helped a lot by Phil Skolnick, who was working on the benzodiazepines, because data analysis for one target is, by scachet analysis, the same thing as data analysis of another target. It’s just a different system.  I had to learn about competitive and noncompetitive binding. Over a period of a few years, I began to get a more detailed knowledge base on what compounds bound to what, and how they were analyzed pharmacologically for what they did. Then I was in a much better position to start designing other compounds to do different jobs, different things.

NC:  How do you decide which compounds to design?

KR:  No matter what the molecular modeling guys tell you, it’s still chemical intuition, largely. But to have chemical intuition, you have to have a pretty good base of knowledge already.  With these affinity labels I was talking about, the approach was, how do you even know what to start with?  We had to pick some compound that bound to the receptor.  Then we had to put a reactive functional group on it.  There are a lot of different kinds of reactive functional groups and on a fairly large molecule like that, there’s a lot of different positions you can put them on.  We chose the synthetically easiest thing, so we didn’t end up fighting a land war in Asia to label this and then it didn’t work.  Ours worked.  And a competitor of ours, who was labeling it at a different position on the molecule, his didn’t work.  We were lucky.  We picked a very potent compound as the base, and then we got lucky that our reactive functional group was in the right position.

But in general terms of how you pick what structure to make, it depends on the situation.  Usually you just start with the “ideal compound” for whatever the task at hand is. It’s successive approximations a lot.  We put the methyl group over here and it knocked the activity down, so let’s take it from here and put it over here.  This increases activity in some assay.  That’s called “structure-activity relations.”  It’s a fundamental concept in drug design.  You have to develop a structure-activity relationship in order to know, changes in chemical structure affect pharmacologic activity.

NC:  Can you explain what rational drug design is?

KR:  Different people define rational drug design different ways.  My definition of it is using your chemical intuition and whatever appropriate tools are available for the particular job at hand.  

NC:  Have your tools changed over time?  Could you tell a story about technological change in your field?

KR:  The tools for chemical synthesis have changed a lot.  This is another very interesting thing regarding the progression of the chemistry from Dr. Small’s group to the present.  Dr. Small’s group didn’t have anything like chromatography, a method of separating chemical mixtures.  That hadn’t been discovered yet in Small’s early work.  There were no spectra. All they had was melting points, combustion analysis, and very talented people that knew how to crystallize compounds.  When we go back and look at Small’s samples for one reason or the other, they almost always knew when they were pure by the melting point, by the way they behaved in different in crystallization and things like that. As far as the structural elucidation, they didn’t know for sure the structure of metapon because it could either be a 7-methyl or a 5-methylmorphinan.  It turned out to be a 5-methyl.  That’s what they thought it was, but they didn’t prove it.  It was unequivocally proved later.

NC:  Because of the development of spectra technology?

KR:  Yes, first came UV spectroscopy in the ‘50s, or maybe in the ‘40s, and primitive chromatography in the ‘40s and the ‘50s.  When I was in graduate school in the early ‘60s, we had chromatography. We had column chromatography with different absorbents like aluminosilica.  We had thin-layer chromatography, which is a quick, very powerful first analytical technique that is very good at separation.  It tells you whether you’ve got starting material, whether you’ve got a string of beads running, whether you’ve got a multitude of compounds, whether the reaction is working.  It tells you purity and stuff like that.  We had to make our own plates, but now you can buy the plates.  X-ray crystal structures is the ultimate weapon in terms of structural elucidation, you know, if you can crystallize it.  When I was in school, X-ray was a Cecil B. DeMille production that took a lot of work and a long time.  It could take months to get an X-ray crystal structure back. Now it takes a day or so because X-ray has improved dramatically to where it’s almost a routine.  NMR – nuclear magnetic resonance – is like MRI and it’s very powerful. It’s the same principle as MRI of human tissue, developing pictures of human anatomy and looking for diseases.  But it’s also applicable to small molecules.  And it’s a very powerful technique.

The instruments that I started with in the ‘60s were very primitive. The electronics weren’t that good.  They didn’t work well all the time – you had to use a lot of relatively large sample.  Now it just takes couple of grains of salt worth and you can run a spectra in five minutes, and with a few touches of the console you can get all these other measurements.  NMR has improved dramatically.  When I started we didn’t have HPLC - high-pressure liquid chromatography.  That’s been developed since and mass spec has developed dramatically, so you can now do chromatography coupled with mass spec.  This is a double-edged sword because all of these techniques of chromatography allow you to no longer be as skilled an experimentalist as Small was.  You don’t have to crystallize stuff anymore.  People don’t crystallize things anymore, they just purify them by fractional techniques or analysis – by chromatography. They evaporate the solvent, and there it is. 

NC:  Does that signal that something has been lost?

KR:  Yes, crystallization is becoming a lost art, but it is still important in process research.  But in terms of the basic research in the first synthesis of a compound, a lot of people think you don’t have to crystallize it anymore.  Crystallization is a very powerful purification technique, and it’s essential in certain types of analysis. We’ve been talking about mixtures of right-handed and left-handed forms.  The classical way to separate right- and left-handed forms so you can study their pharmacologic properties individually is by a crystallization of derivatives.  That’s called “optical resolution.”  But that’s been lost as these analytical methods and these purification methods get better and better.  I try to teach all of my postdoctoral fellows how to crystallize stuff, and the importance of it, how it can help them.  Of course we that when it comes to measuring biochemical function in living systems, like humans, MRI gives you a good picture, an anatomical picture of the brain, a picture of the organ, but it doesn’t give you biochemical function, not classic MRI.  Adaptations of MRI can give you biochemical function.  Back in the 1980s, one of the best techniques to get biochemical function was PET scanning, Positron Emission Tomography.  I mention this because that’s a recent development in terms of technique and instrumentation.  We were the first to develop a compound that was a functional PET imaging agent for opioid receptors in the primate brain.  This compound is known as cyclofoxy.

There’s a reason for that name.  It’s also pretty snappy.  We developed this compound as a research tool.  The affinity labels that I was talking about were aimed towards purification of receptors.  This compound was aimed to be a PET ligand.  So we had different considerations about how to design this.  We first published this in December of 1984, in FEBS Letters.  It was a very advanced paper for those days.  So that was another tool.  PET scanning is nice, but if you don’t have the right ligand, you can’t use it. In PET scanning, the ligand drug goes and sticks, and binds to the receptors, and it emits radiation.  Depending on how you analyze the emitted radiation – and then electronically treat the data by the principles of computer tomography - you can come up with a cross-section of the brain that will show you where this receptor is located.

NC:  Are the PET images that NIDA uses an outgrowth of that technology?
KR:  Yes. This was a big deal when we did this.  We had a very rigorous proof that we were measuring opioid receptors because we did this study in baboons.  You give them the drug, you wait the proper amount of time, you do the imaging, and you see this area where a lot of counts have accumulated.  If you then treat this baboon with a narcotic antagonist, it chases these counts away very quickly.  If you treat with a narcotic antagonist and then do the experiment, you don’t get any accumulation because the narcotic antagonist is blocking the sites.  We had showed that the pharmacologically active isomer of naloxone, the left-handed form, chased drug off the sites.  But we had the mirror-image form of naloxone that we had made by total synthesis.  That didn’t have any effect.  We knew it didn’t bind to opioid receptors, so it shouldn’t have any effect.  

NC:  What can you tell me about opiate total synthesis?
KR:  In 1974, when I joined Everette May’s group, this was the beginning of a severe worldwide opium shortage that was caused principally by three things.  The first was President Nixon’s war on drugs, in which Turkey ceased production of opium.  That was one thing that shut down or limited the world supply of opium. Russia entered the world market for the first time as a buyer on the international market.  Our alternate sources of opium were India and Turkey.  But when Turkey ceased, it was mostly all India, and India had crop failures two years in a row.  So the supply of raw material was very low for about three years.  It was so low that it was difficult to get a prescription for Empirin 3, codeine with aspirin, for your toothache or your root canal in certain parts of the country.  It got so bad that the government, U.S. federal government released about half of the opium in its strategic material stockpile.  At that time the government stockpiled 80-some different commodities, from different metals to opium, so if we went to war, we wouldn’t have to depend on anybody. We almost ran out of opium in the Second World War, too.

NC:  Yes, it was stockpiled then, as well.

KR:  Opium, either opium or the morphine alkaloid will keep for decades if properly stored.  This there was a need for a total synthesis of morphine alkaloids, independent of opium poppies, one, because of the opium shortage.  There’s a book written by a guy named Michael Schwartz called “Prescription Drugs in Short Supply,”  in which he talked about the opium shortage, the reasons for it, and how it was alleviated.  And then there’s a quinine cartel, and other actual drug shortages, or raw materials for drugs, prescription drugs.

But in 1974 the opiate receptor was first discovered.  Since the opium poppy only makes the left-handed form of these drugs, when we wanted to study the unnatural isomer, the right-handed form, it was not available in nature.  At first there was no total synthesis available.  Morphine and the opium alkaloids had been synthesized as an academic exercise in 1952 by Marshall Gates, and then fully reported in 1957 or ‘8 in his full paper.  But this was an academic exercise where you could with great exertion, make a little dab of morphine.  It was a relay synthesis, basically, which means that they synthesized an intermediate compound by taking opium and working backwards to a compound known as dihydrothebinone.  Then all you’ve got to do is synthesize dihydrothebinone once by total synthesis.  Then you can use dihydrothebinone from opium, which is much more easily available.  That’s called a “relay synthesis.”  So we needed a good synthesis whereby we could get the unnatural isomers to make grams of compounds that we wanted to study in animals.  At first there wasn’t any good synthesis. 
So we started with an alkaloid known as sinomenine, which is a rare alkaloid that comes from a small philodendron-like plant that grows in Korea.  You’ve got to extract huge amounts of plant material to get this alkaloid material, which has a carbon skeleton that is the mirror image of the opium alkaloid carbon skeleton. Although it doesn’t have an unnatural morphine, it can be converted by chemical synthesis.  It actually had been in the ‘50s in low yield by Goto and Yamamoto in the ‘50s.  It was not my idea to do this from sinomenine, it was Mario Aceto’s idea, from the Medical College of Virginia.  He met with Everette May and Lou Harris and discussed how to study unnatural morphine. Everette May decided that we should start with sinomenine and work on total synthesis. Since that could take several years, he got, through Tanabe Pharmaceutical Company, 50 grams of sinomenine.  They extracted a special extraction for us through Dr. Takeda, who was instrumental in getting this material.  We got the sinomenine, and converted it by semi-chemical synthesis, which is when you start with a natural material and use it to convert to something else.  We made several grams of unnatural morphine, and one gram of unnatural naloxone, the mirror-image form of the narcotic antagonist.  These compounds proved to be extremely valuable research tools to detect opiate receptor mediated effects.

At this time people were trying to figure out what effects are mediated by opiate receptors and which ones aren’t because this was all new.  Now we had a receptor that we could measure.  One way to do that is put in the natural form, figure out the effect, then put in the unnatural form.  If the mirror-image form doesn’t do it, then it’s good evidence that it’s opiate receptor-mediated.  Then you can do the flipside. If you have this effect produced by morphine, you block it with the antagonist naloxone, and then take the mirror-image form of naloxone, it doesn’t act on the receptors and this doesn’t block it.  That’s added evidence that you’re dealing with an opiate receptor- mediated effect.

So we published a paper in Science on plus morphine in 1977.  Jacquet is the first author on that paper, along with myself, Iijima, Werner Klee, and Minamikawa.  We recognized that these plus or unnatural opiates were valuable research tools.  The problem was, sinomenine wasn’t that available, so this was another impetus to develop a total synthesis. We wanted to get a total synthesis to be able to make as many grams of these unnatural opiates as we wanted. We wanted a total synthesis that could be put into commercial production in order to either produce or supplement the production of opium alkaloids by chemical synthesis.

A lot of people had tried to develop such a synthesis. There were six or seven academic groups worldwide working on this, some really serious organic chemistry groups.  I was working on this by myself.  After Everette May retired from NIH, another fellow came in who was a medicinal chemist named Arnold Brossy.  There were several possible ways where you could develop a practical synthesis of morphine alkaloids.  We attempted a biomimetic approach, which was unsuccessful.  It was a process that mimics the biosynthesis in the opium poppy.  After that we came up with some very nice chemistry and used it to make other compounds, but not morphine alkaloids.  
After that I alone initiated a synthesis by a conceptually different approach, which was an extension of the Grewe approach. That was the name of the man who developed the chemistry that, in simpler systems, formed the morphinan carbon nitrogen skeleton.  But they were never able to adapt it to morphine alkaloids because of complications in the chemistry.  I was able to get the Grewe approach to work for the morphine alkaloids.  I worked on this for quite a while by myself. I’m almost certain I wouldn’t have been able to do this if I hadn’t had process chemistry experience because it there were some ingenious approaches in these academic groups.  But they lost sight of the fact that it can’t be complicated because if it’s complicated, it’s going to be prohibitively expensive.  I recognized this because I was trained in process chemistry.  I tell my postdocs that the ideal chemical reaction has no solvent, produces no impurities, and is finished one second after mixing. Impurities are the nemesis of the organic chemist, but it’s hard to get reactions to go that don’t make impurities.  Another thing I tell the postdocs is what I call Rice’s Rule.

NC:  What is Rice’s Rule?

KR:  Rice’s Rule is very simple.  If you don’t make impurities, you don’t have to take them out of your product.  If you do clean chemistry, you’ll be far ahead of the game.  I was able to work out this total synthesis of morphine alkaloids using my knowledge, my experience in process, with no chromatography, with purification of a few of the intermediates by crystallization.  I was able to set it up so you could get either the left and natural morphine alkaloids, or you could get the unnatural morphine alkaloids, at will, in any ratio you wanted.  This is being put into production now by Mallinckrodt & Company.  Only a few companies in the United States are allowed to import opium and process opium into medical narcotics for use in the practice of medicine.  Mallinckrodt is the largest.  If you consider the number of kilograms of Schedule 2 medical narcotics used in this country, it’s about 110,000 kilograms of finished alkaloids and alkaloid derivatives.  When you consider opium’s only got 10 or 12 percent starting material in it, you’re up there at almost 10 times that number of kilograms of opium.  When you think about production of opium by lancing poppies, scraping each one off by hand, lancing them several times, the enormous amount of Third World labor required to produce these compounds, then it is attractive to have alternate production.  If you look at the constituents of opium used to make medical narcotics, you have only three compounds – morphine, codeine, and thebaine.  Any synthesis that gives you morphine, codeine, and thebaine will allow the synthesis of the entire spectrum of medical narcotics derived from opium.

This synthesis that I developed allows you to make morphine, codeine, or thebaine.  It’s now been extended to make it much simpler and to be more direct. There’s one thing that I haven’t mentioned.  Morphine has an N-methyl group on the nitrogen atom.  The type of substituent on that N, on that nitrogen atom, largely determines the pharmacologic profile of a compound.  If you take the methyl off, and you put an allele group on it, a three carbon unit, then it becomes an antagonist.  Then it becomes of interest to have the compound with nothing on nitrogen because, if you have nothing, if you synthesize it by total synthesis with nothing on nitrogen, you can put anything on nitrogen at any stage of the synthesis to achieve the desired pharmacologic profile.

This synthesis was extended into the NIH series later.  We have seven or eight patents on this.  One of my postdocs, Amy Newman, who is now a senior investigator and a section chief at the NIDA Intramural Research Program in Baltimore, did a lot of the work on the extension of the opiate total synthesis when she was in my group.  She’s on one or two of the patents that deal with that.  There have been refinements to this synthesis at different times, in terms of separating the right-handed form from the left-handed form of the intermediate. If you have an equal mixture of the right-handed and the left-handed form, if you separate them completely, you only get 50 percent of the one you want.  Now we have methodology developed in Japan that allows us to make only one of them.  If we want to make unnatural isomers, we use this particular catalyst, and we only get the precursor to the unnatural isomers.  If we want to make the natural isomers, we use the other catalyst, and we get the precursor to the natural isomers.

NC:  Do you see this as your legacy, your major contribution to the field? 
KR:  This is probably my most important contribution.  A lot of people have tried to do this since 1925, and this is the only practical synthesis out there.  I first published this in 1980, 24 years ago, and groups continue to work on this.  There’s been massive advances in the art of organic chemical synthesis.  But so far no one’s been able to come up with anything that even approximates this.  And it’s been characterized as being elegant in its simplicity.

NC:  Which of your other contributions will you be remembered for?

KR:  Development of the first functional PET ligand for measuring receptors, for imaging receptors in the primate brain, although some of the competing groups like to overlook the fact that we were the first.  We weren’t the first to do it in humans, but we were the first to do it in a primate brain.  We also published papers on human studies with cyclofoxy.   We’ve done a lot of work with corticotropin-releasing hormone antagonists, which are part of the body’s response to stress from any cause, whether you have a fender-bender in rush-hour traffic when you’re in a hurry, or whether something stressful happens, it works through the same mechanism.  Corticotropin-releasing hormone launches a stress response. Acute stress, at least from an evolutionary standpoint, is a good thing because it allows the organism to survive a threatening situation.  When you’re primed up, you get the fight-or-flight response, and you don’t feel hungry anymore.  You lose interest in activities that aren’t related to survival.  Your system starts to draw calcium out of the bones for mobilization, digestion shuts down, and stuff like that.  You’re not hungry anymore.  When was the last time you saw somebody stop for a hamburger when somebody was chasing them with a baseball bat?  

So acute stress can be good but chronic stress is bad.  Chronic stress is linked to inflammation, heart disease, a whole lot of bad stuff.  Drug abuse and withdrawal are forms of stress.  From the drug abuse standpoint, CRH antagonists might be a good adjunct to detoxifying people, preventing relapse, to suppress the stressful events associated with drug withdrawal.  Stress is also involved in depression and anxiety. I’m not a psychiatrist, but I know psychiatrists that talk about this.

What we’re trying to do is come up with a lot of compounds aiming to be able to image CRH receptors in the brain.  We’ve got a good start on that, imaged by PET scanning.  So we can develop a ligand like cyclofoxy, only one aimed at CRH receptors.  Then we can measure, do before and after experiments.  If you take a person that has anxiety, and then you treat them with an unlabeled CRH antagonist medication, then can you look with PET scanning to see if the receptors are normalized.  Stress is known to down-regulate the CRH receptors by as much as 20 percent in depressed patients who’ve committed suicide.  There was a study in 1989 by Charles Nemeroff at Emory University where they took autopsy tissue from people who had committed suicide.  They measured the receptors.  These were depressed patients who committed suicide, and they had matched controls who weren’t depressed.  There was a 20 percent reduction in receptors for CRH in the depressed patients.  The assumption is that the brain is pushing out so much CRH that the body down-regulates the receptors to try to compensate for the excessive amounts of CRH that the body is producing because of the depression.  We think we can measure that if we got the right compound. 
NC:  How do you decide to embark on something like that?  Where do you get ideas from?

KR:  The opiate total synthesis was by necessity.  But why did we select CRH to work on and not dopamine D3?  Part of it is the interests of people that you know and you’ve worked with.  They come to me and they say, Kenner, we need a compound that does this or does that.  First we need a CRH antagonist, then we need a compound that can be a PET ligand, and it can’t be too lipophilic.  It’s got to be just the right range of lipophilicity, so you have to fine-tune the structure.

So why select CRH as the problem?  CRH has only been around for 20 years, when it was isolated from sheep brain. The pharmacologic biochemical studies that have been in progress since then by the guy who discovered CRH, Wiley Vale, have shown that it’s connected with anxiety, and with serious diseases in humans – chronic anxiety, chronic depression, and other disorders in humans that are now diagnosed by DSM-IV manual.  You know, if you’ve got 17 of the following 20, that’s what you have.  We hope to put this on a better basis and be able to diagnose it by saying, your receptors are down-regulated 20 percent. If we know through analysis of past data, that if the down-regulation is in this region of the brain, then this is probably causing your depression. I’m not a psych physician, but this is one thing that you could do with this tool, which would be applicable to many types of disorders, drug abuse, anxiety, and depression.  There’s a fairly long list of other disorders related to CRH, either excessive amounts of CRH or where the CRH system is turned down too far.  You’ve got Seasonal Affective Disorder and others that are related to too low an activity of the CRH system.  Instead of an antagonist there, you might need a CRH agonist to turn the system up.  And there were peptide compounds.  Peptides are not good drugs because they get chewed up by proteases.  They don’t get into the brain well.  What we would like to have is a CRH agonist as well as CRH antagonist.  CRH is complicated further by the fact you’ve got CRH1 and CRH2, which could be roughly analogous to mu and delta, say, in the opiates.  We have no alkaloid ligands for CRH2.  We have no alkaloid ligand that is a CRH1 agonist.  We only have alkaloid-like ligands that are CRH1 antagonists.  Really we don’t have but one out of the four types of compounds that we need.  
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