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From Nature to Natural Science

Kurt Wiithrich

I grew up in close contact with nature. During an important period of my
life I also experienced nature through the reactions of my body to extreme stress
in competitive sports. In my professional life I concentrate on getting ever deeper
insight into the mechanisms by which nature works on the level of the interplay
between the molecules of life. Today it is a great privilege for me to reflect in these
very special surroundings on some moments of my interactions with nature and
my activities in natural science.

I was born in Switzerland and during my childhood I lived in the Berner
Seeland, in the small town of Lyss. At the time of my childhood this was a rural
area of farmland, forests and rivers. The roots of the Wiithrich family are in an even
more rural, mountainous area, the farming village of Trub in the Emmental near
Bern. This rural background must have a special impact, considering that in recent
years no less than five members of the Wiithrich family were selected to play either
on the Swiss soccer team or the Swiss ice hockey team. My interests during
childhood were largely influenced by the fact that we lived in an old farmhouse,
where my father's father had been a farmer. Although my father, Hermann
Wiithrich, shown here in a snapshot taken in 1961 [photo 1], took up an occupation
as a merchant, he remained very much attached to his upbringings and the family
produced a wide range of farming goods. My mother, Gertrud Wiithrich-Kuchen
[photo 1] was the true center of our family life. She has always been a very aclive
woman, and in addition to raising me and my two younger sisters, who are shown
here in a family picture taken in 1944 [photo 2], she did marvellous things in and
around our farmhouse.

My intense contacts with the rural environment of plants and animals
awakened my interest in natural science at an early age. In particular, I have a
thorough knowledge of the behavior of all sorts of water animals, mostly through
observations made during my childhood, when 1 enjoyed all aspects of work and
fun with a private trout river. On rare occasions I continue to enjoy fishing trips,
such as in 1987 with the Mercury Bay Game Fishing Club in Whitianga, New
Zealand [photo 3], of which the legendary Ernest Hemingway and Zane Grey were
members in their time. With regard to my professional life, I wanted to become
a forest engineer. Although 1 subsequently changed my mind in this regard, I still
enjoy tending the family forest, which now contains trees that were planted by four
generations of my family, starting with my great-grandfather.

My formal training toward an academic profession started in 1952, when I
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transferred from the village schools in Lyss to the gymnasium in the nearby
“bilingue” city of Biel/Bienne. During the gymnasium years my interests widened
beyond forestry and fishing. We had the good fortune that two of our teachers were
former University professors, who had left their academic positions elsewhere in
Europe during the Second World War and found a haven in Biel. At age 14 to 18 we
were presented with courses in mathematics and physics at university level, and
we happily accepted the challenge. My mother claims that | started to work through
the nights already during those years [photo 4]. Another focus was the French
language, French literature, and French theatre and movies, which was largely
motivated by the fact that the composition of our class as well as our teachers
represented the bilingual character of Biel/Bienne. The Gymnasium Biel was
informally attached to the Swiss Federal School of Sports and Gymnastics in nearby
Magglingen, and thus my interest in competitive sports was awakened. These three
areas all play an important role in my life up to the present days. Physics and

mathematics are key activities in my professional life, regular visits to Paris and
“les provinces” are devoted to French food, wine and culture, and my regular active
participation in competitive sports is illustrated here with a snapshot of the senior
league soccer team of the city of Wallisellen taken in 1984 [photo 5 I am the second
player from the right in the back row].

My professional life includes more than 35 years of intense involvement with
techniques referred to as “magnetic resonance spectroscopy.” First, during my
graduate studies there was electron paramagnetic resonance (EPR), then nuclear
magnetic resonance (NMR) applied to chemical physics projects, and since 1968
NMR with biological macramolecules. In hindsight it was not a straightforward
avenue that led to the development of the NMR method for protein structure
determination in solution, which has been cited by the selection committee for this
vear’s Kyoto prize. On occasion our results were met with doubts and disbelief,
so that the pursuit of our goals also required considerable moral strength and
perseverance in public representation of our activities.

During my student years from 1957-1964, NMR spectroscopy was just being
introduced as an analytical tool in chemistry, molecular bioclogy was not yet
established as an independent discipline, and the initial three-dimensional protein
crystal structures at atomic resolution were jusl emerging. My education at the
University of Bern could thus not possibly cover the areas of our current research.
The faculty and the student classes at this university were small, with three students

107



R3] Al £
el e sl B

LELAE 28 BIhoTHE, ZOLX ) I FERCOMRL VWA NnB RS
Z EABRDORF LI PEEBOFNG S LWL oz b ) T E AT X
7eDTL7e 19625EDF. NN Y KEPONA—ELKEANERD, N—FL T [k
HEERRRE] (R LT L7z 1 ERNCR2SRE ISP (S ish & 5 5 DITHS, A
I E AP ORI R L T Lo AR—vEi# R L THTASICH
LTI o7 h Sk L L 12, ShRAOMETHICEL) £ 52T hE
L7z 196248k, S—ENKRETILPHHE R L) Lol L GLE L. &
DB E LT YWES - 7 7 7 7THIEE ORI B AR cfek R, &5k
ARMLE. RELE, EHtFomErEsS ) £5. Roltmio7r—~izd
CEERUEIC BT ALY OMBEEECDW T T LA, 2O7aY o7 MW
FET DN TV 2 IO EPRA G V7o, GRS A =Y D Vaarikicid
LIROIOFEPZOREERE 22 ) F L7z, OIS T ROSREEL BT
L7275 BFFEnBlLIEEICHER SR EF BB 2108 - Mmoo h L
72o RIIERDORKFEEREZ19645E 3 HITR 2, FORILZEOMLE, 250
[AA AHEFRAFENRGE] 20Us L L7z

19574 LUt%, FAIZA A AIUREED ) V' — PUTAF—Df Y A 52 ¥ —L LT
DI LENERT L F L

19594FA 6, FAZIFREDREMIZ LTlX, FTFH o brva—L - voy—2TH
Bk, E—VOX AT I ACUEEERAL. BRI —EVORTFELF VI A
THEEHR T L7 1961412, NIbF—F73—F ¥ FOSaanenmdserk \»9) 1) /'—
METRAF—DA YA PF 2 3 =L LTHIVTVAERC, EOX)T X - T F—
[photo 6HZ AV E L7z PR3 MR MR C© L7z, FOEIX19634FICHEREL, &
D= T ¥ RGN —BIWIE TSR Ui, [ A 4 2R AE HliteifiE] 255 L
F L7z BAMERE A5 T L CEEERD1968 ., BT~V b M Fh, 1970
@AY KDY F L7ze SRAREDAF v 7HEET, 19722754
7 x. ¥ T —OYREDMEETHeo 7253 [photo 71, 19TAEISRNV Y TV T AN F 22
FIZHi - 7255 [photo 81, 19844EICT7 ) V' TEEZ L & 2okl 0B E T
[photo 9, 10]c
KEFEBETOMERTH, b VIEASA—¥LIIRD JEih o2 REHkIz>wWT D
EPRWFFEIZIRH L £ L7z 73 ¥ VR T OSSR Ol 28| 2 B3~ A 1F
FeD R RE Z IR L TWE T [photo 11]e 196544, FLEIZT A ) MITFT &,

108

Commemorative Lectures

majoring in physics and seven students majoring in chemistry in 1957. I majored
in both chemistry and physics, and participated in an intense program of courses
in mathematics. The emphasis was on the one hand on linear algebra, classical
mechanics and chemical thermodynamics, on the other hand on the physical
chemistry of synthetic polymers and the preparative biochemistry of proteins and
nucleic acids. Only much later did I fully appreciate the extent to which this
combination of undergraduate studies would provide an excellent foundation for
my later scientific activities. In the spring of 1962 I moved from the University of
Bern to the University of Basel, where I enrolled in the “Turn- und Sportlehrerkurs.”
In addition to about 25 weekly hours of intense physical exercise, these studies
included premedical courses in human anatomy and physiology. Combined with
experience gained from observations made on myself in the pursuit of competitive
sports, this provided an additional dimension to my education. In the fall of 1962
1 also started activities to complement my training in chemistry at the University
of Basel. This included work on a Ph.D. thesis in inorganic chemistry with Prof.
Silvio Fallab, and courses in synthetic organic chemistry, natural product chemistry
and quantum chemistry. The subject of my Ph.D. thesis was the catalytic activity
of copper compounds in autoxidation reactions. This project led to my initial
practical experience with magnetic resonance spectroscopy, using a state-of-the-art
EPR spectrometer available in the physics institute. Although the actual experiments
were performed with low molecular weight metal complexes, the interest of the
study was mainly focused on structure-function correlations in copper-containing
metalloproteins. My formal university education was completed in March 1964, when
I obtained both a Ph.D. degree in chemistry and the “Eidgensssisches Turn- und
Sportlehrerdiplom.”

From 1957 onward I spent part of the winters as a ski instructor in Swiss
mountain resorts. Starting in 1959 1 also accepted part-time teaching jobs, first
teaching physics at the Kantonsschule Solothurn, then chemistry at the Gymnasium
Biel, and finally gvmnastics at the Midchengyvmnasium in Basel. In 1961, while
on my job as a ski instructor in the resort town of Saanenmdoser in the Berner
Oberland, I met my wife, Marianne Briner [photo 6], who at the time was an
elementary school teacher. We were married in 1963, and Marianne then started
studies at the University of Basel that lead to the “Eidgendssisches Turn- und
Sportlehrerdiplom.” After several years on the road during my postdoctoral years,
we started a family, with our son Bernhard being born in 1968 and our daughter
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Karin joining us in 1970. The family snapshots were taken in 1972 at our residence
at the time in Greifensee [photo 7], in 1974 during a hike in the Bernese alps [photo
8], and in 1984 during a break when riding horses in Arizona [photo 9, 10].

After finishing my graduate studies I spent another yvear in Basel concentrating
on EPR studies of metal complexes in solution, as illustrated here by results
obtained from studies of the temperature variation of complexation equilibria in a
solution of vanadyl salts [photo 11]. In the spring of 1965 we moved to the USA,
where I joined Prof. Robert E. Connick at the University of California, Berkeley,
for postdoctoral training. We used NMR spin relaxation measurements of "0, “*H and
'H in addition to EPR for studies of the hydration of metal ions and metal
complexes [photo 12]. Besides my research projects, the Berkeley period was devoted
to intensive course work on the theory of nuclear spin relaxation, group theory
and quantum mechanics, to extensive practice of basketball, and to some contacts
with American football.

In October 1967 1 joined the biophysics department of Dr. Robert G. Shulman
at Bell Telephone Laboratories in Murray Hill, New Jersey. Bell Labs. at the time
was a world-leading place for research in physics and chemical physics. [ was given
responsibility for maintenance of one of the first superconducting high resolution
NMR spectrometers, which operated at a proton resonance frequency of 220 MHz.
Plenty of instrument time was available for research on protein structure and
function. Due to my background my interest was focused on metal centers rather
than polypeptide chains, and all my initial projects in high resolution NMR had to
do with hemoproteins. I was intrigued by previous publications on NMR-spectral
differences between the reduced and oxidized states that the protein cytochrome
¢ adopts interchangeably in its biological function, since these indicated large
differences in conformation-dependent chemical shifts. After several months of
intense work these earlier results could be expanded with new data that manifest
conformation shifts as well as hyperfine shifts [phote 13), which enabled novel studies
of the electronic structure of the active site in this protein. Using blood sampled
from my arm in the first aid station, a Japanese colleague at Bell Laboratories, Dr,
Tetsuo Yamane, prepared “hemoglobin (KW),” and within a few months we found
entirely new avenues of deriving information on structure-function correlations from
the NMR spectra also for hemoglobin [photo 14] and other oxygen-binding
hemoproteins. These projects were a lucky choice: with the limited sensitivity and
spectral resolution of the instrumentation available in 1968, hemoproteins gave

113



[ ST

Wiz b ¥ L,

NLAEHE OB photo 1513, ETHF 12— v 2k o T [K¥FEHITAHKHR] &
LTSN, 1969F10HIFIEA S ZITREIL £ L7ze ETHICA- %8005, D
A DS NAFFERT & [AARICNMR & EPREEA T Hlibo L CA R IN TV E
L7zo YRHZZ DL S IR Bdohrd LEEAD, 1980FEICTERIRE %S
TOIMERLL L, 2RO BR ORIz LIIFFIC WSS 52T RFL
e ETHTIZ, 2D &) I TEREDTEN L WHFEHEOM i M s hizoT, £
FERECEICMT AWROMEE 2 5 DNIRTF FR/NEFE O ZHINMRIFZE
BT A LRt AT A 2 B IS TR T A 2 EASTE Lz [ Wernon
FICBITAHANMR { ANTF FEHEHE] )RR e b E L 2
OFIE T OB, FHEAM L & PREEEE LA REICRL T 28w LA
[photo 16]c 19754FIZ, ZORTH - 7z H Il L THREW LI HF T3 20137
Dol ETLE. ZOWFBEIZRPL LShIRMEOEAOMZE 70T 2 7 b %5
B3 HEIAR DRICIEL E L7

FHEARFRIARIR E L TRADBSEEIGEOHL TS D F 975 photo 171419984 12 NMRAF%
Kooz b0l TOMDIEENZ LM E ZANF—ZHEXT L SHHDERDKA
PIIHAIIHT 2L LB L L LA FEE L LTORHBDERIZ
KERERPH5 2 TN To kil MANKEMRZE T T LA LLE
L ET &, BATFELSHIM S L0 EICER DY SEES (IUPAB) & EEE
Fleftia ik (ICSU) 1IXb B D TL RIIRED 2 v 3—, ITUPABOF R
E-mlsRELTHE, ICSUD [BEERRR] & A HESHRCNT 2 HEE
HEl oA=L LTHEE £ Lz MkTT 2% B TUPABOSHRRISEITH
7205, 1978 EDIUPABRMET. Wil = O EIEAH7E - 20T, $HRE
ELTO6EMIIVAH WA LR & & SR TREIC LWRT L7z, B2 F Lvsd
E LTt FNE TICRER SRR 2O 30ikh S50 2 8- T 722 { Ol
S LWERORFEE L BIZBRIZI PN E T, —W% R T b i a131978
~BUEIZIUPABT Y b ¥ - FX YA AX) vy - TAEBI—F, T4 F-
T4V TR, 7Ly K- )Fx—F, QIHBES LW FUEHFLRHAI12L-THR
FEhF Lz HHEOAHEL SN RET VBT, RIRETLING
To LRNCHR OMIATRERF L2 Thl, 20X LHERFS LW RKENED
LI ICHIEZBRLTRAEDPLW) T 2BETAFY Y ARG 2 THLVE LI

114

Commemorative Lectures

unique opportunities for successful early applications of NMR in structural biology.
At the time this stirred considerable interest, as manifested by an invitation to
lecture at the Annual Meeting of the American Physical Society, a press conference
in New York, a feature article in Physics Today, and a review [photo 15] that
subsequently became a “citation classic.” Many years later the special NMR spectral
features that enabled the early work with these metalloproteins were a great help in
various aspects of the development of the NMR method for three-dimensional
protein structure determination.

The hemoprotein review [photo 15] was also accepted as a “Habilitationsschrift”
by the ETH Ziirich, and in October 1969 I returned to Switzerland. From the start
at the ETH T was equally well equipped with NMR and EPR instrumentation as
previously at Bell Telephone Laboratories. Although I may not have fell this way
at the time, it was also a great opportunity to occupy junior faculty positions for
more than 10 years, before being named a full Professor in 1980. Being thus free
of both heavy teaching loads and administrative duties within the ETH, I could fully
concentrate on the continuation of studies with metalloproteins and the start of a
new program of systematic NMR investigations with peptides and small proteins.
There was also time left to write a monograph, NMR in Biological Research: Peptides
and Proteins, which was subsequently translated into Japanese by Dr. Yoji Arata and
Dr. Masatsune Kainosho [photo 16]. In 1975 it was still within reason to prepare a
comprehensive survey of the subject treated in this hook. The effort invested in
completing this task paid rich dividends in the planning of our research projects
for the following years.

Although scientific research has always been the main focus in my
professional life [photo 17 was taken in the NMR laboratory in 1998], some other activilies
also represented major commitments of time and energy. Most of these activities
may be considered a service to the community, but they had a big impact on my
formation as a scientist and resulted in many lasting personal friendships. Let me
explain: One of my biggest outside commitments was with the International Union
of Pure and Applied Biophysics (IUPAB) and the International Council of Scientific
Unions (ICSU). I served as Council member, Secretary General and Vice President
of IUPAB, and as a member of the “General Committee” and the “Standing
Committee on the Free Circulation of Scientists” of ICSU. By the way, my election
as Secretary General of IUPAB took place here in the Kyoto International
Conference Hall, as part of the 1978 IUPAB Congress. During my six-year lerm
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as Secretary General the demands on my time were quite heavy. The sunny side
of the story was that I met a large number of eminent scientists, whose names | had
previously mostly known from textbooks and other literature. To give just one
illustration, structural biology was represented in the IUPAB Council from 1978-
81 by Britton Chance, Henryk Eisenberg, David Phillips, Fred Richards and Akiyo-
shi Wada, a true center of excellence! In the business meetings as well as in the
social gatherings we not only discussed the latest research advances long before
they appeared in publications, but [ also had the opportunity to observe how these
more senior and already highly distinguished colleagues pursued their work. There
was a particularly close collaboration with the IUPAB Presidents. During a first three-
vear term this was Prof. Setsuro Ebashi. | am very happy that Professor Ebashi
is here with us today. During a second term the new President was Prof. Richard
Keynes. Richard Keynes is a great-grandson of Charles Darwin. During [UPAB-
related joint travel in Europe and the Far East in 1982/83, | listened to more than
10 presentations of his “Darwin Lecture” commemorating the 100th anniversary
of Darwin’s death; in return, Professor Keynes lived through a heavy dose of
biomolecular NMR spectroscopy. In ICSU, personal contacts went beyond biophysics
and included representatives of all branches of science. I also got involved in
business that had so far been foreign to me. Most notable were extensive
correspondence and personal interactions with Academy and Government offices
in China and Taiwan during the period 1981-83, when China was ready to join the
Scientific Unions. We negotiated terms and conditions for adherence to IUPAB of
both “The Biophysical Society of China located in Beijing, China” and “The Chinese
Biophysical Society located in Taipei, China,” which involved extensive, highly
formal correspondence as well as visits and personal negotiations in both countries.
Much emphasis of the activities of IUPAB and ICSU was on exchange with
scientists in developing countries, and I was involved in organizing summer schools
and symposia in Africa, the Far East and Latin America. This all greatly influenced
my outlook to the world. Very similar memories of give and take relate to other
activities outside of my ETH position, for example, jobs as an editor of journals
and books, membership on editorial boards, organization of scientific meetings, and
consulting arrangements with industry. From today's perspective these extracur-
ricular activities have been most valuable elements of my professional life, both
for the scientific contacts and the personal relations.

Let me return to the developments in my research laboratory. A big change
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had occurred between 1974 and 1976. From 1970-75 I had been working with a
small group of mostly Swiss scientists, i.e., two to four graduate students, a chemical
engineer, Rudolf Baumann, who has stayed with me throughout all these years, and
a postdoctoral associate, Dr. Regula Keller, who pursued a highly successful
research program with hemoproteins in my group from 1970 to 1982. In 1976 1
found myself suddenly surrounded by a group of over 20 postdoctoral fellows and
students from all over the world. We started to develop new experiments and novel
strategies that eventually resulted in the NMR method for protein structure
determination. This included the identification of the nuclear Overhauser effect
(NOE) as a NMR parameter that can be related in a straightforward way to three-
dimensional macromolecular structures. The NOE had a key role also in the
“sequential assignment strategy” for obtaining sequence-specific assignments of the
many hundred to several thousand NMR lines in a protein. The development of
two-dimensional (2D) NMR techniques for macromolecular studies was started in
1976 as a joint project with Prof. Richard Ernst, who became a Nobel laureate in
1991. We were very fortunate that an outstanding postdoctoral fellow from Japan,
Dr. Kuniaki Nagayama [photo 18], joined us for this ambitious project. In 1977 the
first 2D NMR spectrum of a protein was recorded, a so-called 2D J-resolved NMR
spectrum [photos 19 and 20(c)]. By 1980 we had assembled four 2D NMR experiments
that provided for the initial protein structure determinations: COSY (2D correlated
spectroscopy) [photo 20(d)], SECSY (2D spin-echo correlated spectroscopy) [photo
20(e)], FOCSY (2D foldover-corrected correlated spectroscopy) and NOESY (2D
nuclear Overhauser enhancement spectroscopy) [photo 20(b)]. It was a lot of fun at
the time to decide on these acronyms! Soon my group started to use 2D NMR
experiments in daily practice, and the experience from more than a decade of one-
dimensional NMR spectroscopy with proteins was happily and profitably married
with the new potentialities of 2D NMR. By the way, NOESY and COSY are still key
experiments today, whereas SECSY and FOCSY did not survive subsequent
technical advances.

A series of four papers published back-to-back in 1982 provides a
comprehensive account of the sequential assignment strategy with 2D NMR, and
the first one of these papers outlines the presently used strategy for protein
structure determination by NMR [photo 21]. It still took two more years ol intense
work on metric matrix distance geometry algorithms and their implementation in
efficient software packages until the first NMR structure determination of a globular
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protein, bull seminal protease inhibitor (BUSI), could be completed. A view of the
complete atomic resolution NMR structure of BUSI is afforded by photo 22, the
simplified presentation of photo 23 shows the polypeptide backbone fold in this
protein, and photo 24 shows Timothy Havel (left) and Michael Williamson with a
computer display of BUSI recorded in the course of the structure determination.
It is not possible here to do proper justice to all the other brilliant junior scientists
in my group who contributed in more or less direct ways o the method of protein
structure determination by NMR. Let me just mention that Gerhard Wagner was
involved in each step of the project, Anil Kumar recorded the first 2D NOESY
experiments, Gerhard Wider made key contributions to 2D NMR spectroscopy and
to the sequential assignment method, and Werner Braun, Martin Billeter and a
Japanese colleague, Prof. Nobuhiro Go, started a tradition in my laboratory of
theoretical work on the structural interpretation of NMR data. All these colleagues,
and many additional students and postdoctoral associates from the “heroic period”
1976-84 have in the meantime started highly successful independent academic
careers,

The completion of the first NMR structure of a protein brought new,
unexpected challenges. When I presented the structure of BUSI [photo 22] in some
lectures in the spring of 1984, the reaction was one of dishelief and suggestions
that our structure must have been modeled after the crystal structure of a
homologous protein. Apparently the structural biology community had thoroughly
adjusted to the role of NMR as a method that could provide some exotic
supplementary data, but which would not be suitable for de nove structure
determination at atomic resolution. In a discussion following a seminar in Munich
on May 14, 1984, Robert Huber, who became a Nobel laureate in 1988, proposed
to settle the matter by independently solving a new protein structure in his
laboratory by X-ray crystallography and in my laboratory by NMR. For this purpose,
each one of us received an ample supply of the «¢-amylase inhibitor Tendamistat
from Hoechst AG. Virtually identical three-dimensional structures of Tendamistat
were obtained by NMR in solution [photos 25 and 26] and by X-ray diffraction in single
crystals. The photo 27 shows a superposition of the polypeptide backbone in the
NMR solution structure, represented by a bundle of blue lines, and the X-ray crystal
structure, represented by a red line and yellow circles indicating the crystallographic
B-factors. The near identity of the two structures is manifested by the facts that
the red line is within the bundle of blue lines, and that most of the blue lines pass
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through the vellow circles, The Tendamistat experience eventually settled matters
once and for all, as documented by the following statement, which was published
in 1988 as an addendum to our 50-page report on the refined Tendamistat structure
in the Journal of Molecular Biology: “Editor's Note: We have taken the step of
publishing this paper with full supporting data since it is the first high resolution
structure worked out in detail by 2-D NMR. We therefore think that in this one
instance everything should be published in full, but it does not set a precedent,
since it is hoped that in the future, such supporting data can be deposited in a
data bank, as is the practice in X-ray protein crystallography.” This was particularly
comforting in the context of the subsequent NMR structure determination of
metallothionein [photo 28]. In June 1985 I presented the structure of a first one of
these small, metal-rich proteins at Yale University and at the University of
Pittsburgh, where I was confronted with a crystal structure of metallothionein that
was very different from our NMR structure. The erroneous crystal structure was
then published as a feature article in Science, whereas Nature rejected our paper
on the NMR structure. Six years later the crystal structure of metallothionein was
redetermined and found to coincide very closely with the NMR structure.
Fortunately, in the Swiss system at the time, tenure decisions and other promotions
were not too closely linked to one’s publication record in highest-impact journals!

By the time we had [inished work on the NMR structure of BUSI in the late
summer of 1984 I was also finishing my 6-year term as Secretary General of IUPAB.
I needed a change of pace and therefore asked for a sabbatical leave. I ended up
spending almost 18 months in Wengen, a beautiful mountain resort in the Berner
Oberland [photos 29, 30]. With the structure determination of BUSI a long-term goal
had been reached and there was a need for new inspiration, which [ obtained when
enjoying the view of the Jungfrau region from my desk [photo 31]. At the time [
was committed to write a monograph on the Baker Lectures, which I had delivered
in 1983 at Cornell University. As I spent much of the time alone in Wengen, with
my family joining me for weekends and vacation periods, work progressed well. The
monograph “NMR of Proteins and Nucleic Acids” covers primarily work in my
research group during the period 1977-84. Considering the critical reaction to the
initial NMR structure determinations, 1 felt that it was important to document our
work in a complete and detailed fashion. This monograph was subsequently
translated into Japanese by Dr. Yoshimasa Kyogoku and Dr. Yuji Kobayashi [photo
32]. Besides getting a lot of writing done, it turned out that directing my research
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group at a distance was surprisingly successful, which certainly speaks in favor of
my research associates. However, the most important occupation in Wengen was
skiing in the winter, and jogging and mountain climbing in the summer. According
to my diaries I did not miss a single day of skiing from December 1, 1984 to April
10, 1985. I also returned to the skiing outstation of the Federal Sports School in
Miirren to polish my skiing technique, and participated in the organization of the
famous Lauberhorn ski race in Wengen [photo 33].

In the spring of 1986, after a second winter of skiing in Wengen, [ felt
prepared to face new challenges in Ziirich and around the world. Protein structure
determination by NMR had by now found its believers, as documented by the fact
that the first printing of my new book was sold out within a few weeks. We
established new contacts with biochemists and molecular biologists to apply the
technique to biologically relevant systems. A most fruitful collaboration on the
structural foundations of transcriptional regulation in higher organisms was started
in 1988 with Prof. Walter Gehring of the Biocenter at the University of Basel. The
NMR part of the project vielded structure determinations of the Antennapedia
homeodomain [photo 34] and its complex with the operator DNA [photo 35], and
provided entirely novel insights into the role of hydration water for specific DNA
recognition [photo 36]. At around the same time a joint project of studies with
cyclosporin A and human cyclophilin A was started with a former graduate student,
Dr. Hans Senn, and his research team at Sandoz AG. Cyclosporin A is an
immunosuppressant in widespread use as the favored therapeutic agent for
prevention of graft rejection in organ transplantations. In addition to the basic
science, this project thus also had important economic and clinical interest. The
NMR structure of the receptor-cyclosporin A complex [photo 37] had immediate
practical impact, since the structure of the bound drug molecule turned out to be
very different from the only other structural information available at the time, i.e.,
an X-ray crystal structure and a NMR solution structure of free cyclosporin A. The
photos 38 and 39 show, respectively, the structures of free and receptor-bound
cyclosporin A. It was, for all involved, a completely unexpected and for many
reasons surprising result! The cyclosporin/cyclophilin project subsequently also
included combined use of data obtained by NMR in solution and by X-ray diffraction
in single crystals: Based on complete sequence-specific NMR assignments of the
polypeptide backbone, the secondary structure of cyclophilin A with all connections
between the regular secondary structure elements was determined [photo 40]. Using
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X-ray methodology, an electron density map at 2.8 A resolution had been obtained
at Sandoz, which could then be traced very efficiently with the use of the NMR
information on the secondary structure.

As a last example from among the more than 40 NMR structures that we have
deposited in the Brookhaven Protein Data Bank, 1 would like to mention the prion
protein. Prion proteins are related to transmissible spongiform encephalophathies
(TSE), which are neurodegenerative diseases for which there is evidence that they
are caused by a novel infectious agent, the prion. TSEs include Creutzfeldt-Jakob
disease in humans, scrapie in sheep, and bovine spongiform encephalopathy (BSE)
or “mad cow disease.” It is particularly intriguing to structural biologists that
according to the “protein-only hypothesis,” the onset of TSE might be related to
a change in conformation of the prion protein. In a joint project with Prof. Rudi
Glockshuber at the ETH Ziirich we completed a structure determination for the
C-terminal half of the prion protein in April 1996 [photo 41], barely 10 days after
the BSE-crisis in Great Britain broke into the open. With this timing the prion
protein structure had high visibility in the scientific literature as well as in the
popular media. The photo 42 shows the headline of the daily newspaper Le Matin
on the day when the prion protein structure appeared in Nature. In 1997 we
succeeded to characterize the structure of the intact prion protein, which includes
that the N-terminal half of the molecule forms a highly flexible extended coil [photo
43]. This result is a striking illustration of the unique power of NMR to characterize
partially structured polypeptide chains. In the case of prion proteins [photo 43] the
presence of a long flexible tail indicates novel avenues for the transition of the
benign cellular form of the protein to the disease-related scrapie form.

The three aforementioned NMR structure determinations were selected for
this presentation primarily because of the biological and biomedical background.
Homeodomains [photos 34-36] are involved in the control of gene expression in
higher organisms and are thus of central interest in cell biology. Cyclophilins and
the drug cyclosporin A [photos 37-39] represent a paradigm in the field of immune
suppression, and the prion protein [photos 41 and 43| relates to another highly visible
area of biomedical research. Other protein structure determinations pursued during
the last 10 years in my laboratory relate to yet different fields, such as enzymology,
toxicology, chaperone-mediated protein folding and intercellular signaling. It adds
greatly to the quality of my professional life that the quite extreme specialization
needed to maintain a high standard of structure determination thus has a
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counterpart of applications to a wide range of different topics in modern biology.

With many of our projects in the past and at present, the main interest goes
beyond structure determination and bears either on the physical chemistry of
biological macromolecules or on methods development. In many ways these studies
are a highly stimulating complement of NMR structure determinations. The
remainder of the present account is devoted to this facet of our activities.

In addition to three-dimensional structure determination, NMR can provide
quantitative information on conformational equilibria in biological macromolecules
and on the rate processes that connect the different conformational states. Quite
naturally these potentialities of NMR spectroscopy in solution have found extensive
applications in studies related to the protein folding problem. They also have a
much longer history than NMR structure determination. Our own work on this topic
was largely focused on the protein BPTI, which is shown here as a superposition
of 20 conformers that represent the NMR structure [photo 44]. Before the advent
of sequence-specific resonance assignments in 1979, rate processes could be studied
with remarkably high temporal resolution, but one could not vet obtain spatial
resolution. Nonetheless, already at that time some NMR observations on protein
dynamics had a profound influence on the understanding of protein structure. This
is well illustrated by the “ring-flips” of phenylalanine and tyrosine [photo 45], which
manifest the frequencies of concerted, large-amplitude internal motions in the
protein core. Observation of such ring-flipping motions on the millisecond to
microsecond time scale was a genuine surprise for the following reasons: In the
refined X-ray crystal structure of BPTI the aromalic rings of phenylalanine and
tyrosine are among the best-defined side chains, with the smallest temperature
factors. In each ring the relative values of the temperature factors for the individual
atoms increase toward the periphery, so that the largest positional uncertainty is
indicated for the peripheral C4 atom on the symmetry axis through the Cf§-Cl
bond [photo 45], rather than for the four ring carbon atoms C2, C3, C5 and C6,
which undergo extensive movements during the ring flips. Theoretical studies then
resolved this apparent contradiction: the crystallographic temperature factors sample
multiple rotation states about the C «-C £ bond, but they do not manifest the ring
flips because the populations of all non-equilibrium rotational states about the C f-
C1 bond are vanishingly small. Although the flipping motions about the Cf-Cl1
bond seen by NMR occur with low frequencies [photo 46], they are very rapid 180"
rotations connecting two indistinguishable equilibrium orientations of the ring.
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Evidence for ring flips in other proteins was presented by other research groups,
and eventually the ring flip phenomenon turned out to be a general feature of
globular proteins in solution and in crystals alike, manifesting ubiquitous low-
frequency internal motions that have activation energies of 60-100kJmol?, am-
plitudes larger than 1A and activation volumes of about 50A%, and involve concerted
displacement of numerous groups of atoms [photo 45]. When the data on dynamic
processes could subsequently be combined with sequence-specific NMR
assignments, spatio-temporal resolution for the description of rate processes in
proteins was obtained, either by reference to the X-ray crystal structure, or the
NMR structure. Here, this is illustrated by a mapping of the frequencies of internal
motions onto the NMR structure of BPTI [photo 46]. In addition to the ring flips
this map includes data on the exchange of a disulfide bond between the R and S
chiral states, and on the exchange of internal, buried hydration water molecules with
the bulk solvent.

With regard to methods development, biomolecular NMR had by 1986 evolved
into a highly competitive field. Many of the resulting advances were intimately
linked with the introduction of new strategies to label proteins and nucleic acids
with stable isotopes, which has long been a speciality pioneered by our Japanese
colleagues, in particular Drs. Arata, Kainosho and Kyogoku. Although our projects
up to 1984 were devoted nearly entirely to methods development, we now worked
mainly on technical problems arising with particular structure determinations. An
example is the introduction of “halffilters” for studies of protein-nucleic acid
complexes and oligomeric proteins. Half-filters had a crucial role in the structure
determination of the Antennapedia homeodomain — DNA complex [photo 35] and the
studies of the cyclophilin A—cyclosporin A system [photo 37-39].

A fundamental extension of NMR structure determination resulted from the
successful use of NMR for studies of protein hydration in solution. My involvement
with NMR studies of hydration may be of some interest here, considering that it has
so far extended over a time span of more than 30 years: During my postdoctoral
stay at Berkeley from 1965-67 I devoted almost three years of my professional life
to investigations of the hydration of metal ions and metal complexes [photo 11]. I
was highly motivated to extend such studies to metal centers in proteins, and quite
generally to biological macromolecules. Thus, in 1967 my initial contract with Bell
Telephone Laboratories was for investigations of the hydration of the active center
in the metalloenzyme carboxypeptidase A. In 1989, after two decades of frustration
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about futile attempts to contribute to the characterization of protein solvation, NMR
techniques had finally advanced to the point where the locations of individual
hydration water molecules in proteins and nucleic acids could be determined. Today,
high resolution NMR observation of hydration water reveals new insights into
macromolecular hydration that are highly complementary to the data obtained with
X-ray crystallography. NMR studies of hydration in solution led, for example, to
entirely novel insights into the dynamics of DNA recognition in the transcriptional
control of gene expression [photo 36].

A most recent advance in NMR techniques is the introduction of transverse
relaxation-optimized spectroscopy (TROSY), which opens an avenue for studies of
much larger molecular sizes than is possible with conventional NMR methods, In
TROSY experiments the increase of the resonance line width with increasing
molecular size, which is a strictly limiting factor in conventional NMR, can be
largely suppressed. Solution NMR experiments can now be performed with
molecular sizes well in excess of 100,000 Daltons. Here, I compare a conventional
2D NMR spectrum of a protein with molecular weight 110,000 Daltons [photo 47]
with the corresponding TROSY spectrum [photo 48], where the line widths are
represented by the diameters of the individual contour lines.

As T come to the close of my lecture, I want to express my deep gratitude
to President Kazuo Inamori for his generosity in establishing the Inamori
Foundation and the Kyoto Prizes, and to all the esteemed members of the Kyoto
Prize committees for their support of the good cause. The Kyoto Prize in advanced
technology that has been bestowed upon me during these happy days is a reward
for the enthusiasm and ingenuity of the many graduate students and postdoctoral
fellows who worked in my laboratory, and it is also a tribute to the large community
of scientists in the field of biomolecular NMR. I feel deeply indepted to them all
for their important contributions. I hope that I was able in this lecture to convey
the message that the avenue to new insights can be a winding road, with frequent
stops that may enhance the quality of life as well as contribute to professional
advancement. | feel very privileged that both my education and my early practical
experience were very broad. It is the combination of knowledge in many different
subjects that has always been important in my endeavors. It was important for me
to realize that any subject pursued with interest and intensity will at the very least
contribute to the training of one's intellectual capacities, and thus inevitably
contribute to advancement in professional and private life. Those of us who work
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in natural sciences should always remember that nature holds the secrets that we
are after. Using body and mind generously in the search of nature’s secrets will
eventually guide us to new horizons of enlightenment.
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