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Abstract
Despite growing up amid humble surroundings, I ended up receiving
an excellent education at the University of California at Berkeley and
postdoctoral training at Harvard. My academic career at Caltech was
shaped by serendipity, inspirational colleagues, and a stimulating re-
search environment, as well as smart, motivated students and postdocs
who were willing to join my search for molecular understanding of com-
plex biological systems. From chemical physics I allowed my research
to evolve, beginning with the application of NMR to investigate the
base stacking of nucleic acid bases in solution, the dynamic structure
of membranes, and culminating with the use of various forms of spec-
troscopy to elucidate the structure and function of membrane proteins
and the early kinetic events in protein folding. The journey was a bi-
ased random walk driven by my own intellectual curiosity and instincts
and by the pace at which I learned biochemistry from my students and
postdocs, my colleagues, and the literature and through osmosis during
seminars and scientific meetings.
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MY HUMBLE BEGINNINGS

I was born in San Francisco and brought up
in relatively humble surroundings. My parents

were both immigrants from Southern China.
My father came to the United States as a
teenager in the 1920s, and my mother emi-
grated in her early twenties in 1936. Neither
of my parents had any formal education. Both
worked in a factory manufacturing denim for
Levi Strauss & Co. The working hours were
long, as was typical of sweatshops during those
days.

Coming from a Chinatown ghetto commu-
nity, I grew up culturally disadvantaged, if not
deprived. I was certainly not destined to be a
university professor. There was not a drop of
academic blood in my body. Moreover, there
were no role models, scholars, scientists, or pro-
fessionals for me to emulate. I was the first in
my family to attend university, receive a college
degree, and obtain a PhD. How I ever got to
where I ended up makes for an interesting saga.
It was mostly serendipity, and not by design or
program!

After the Second World War ended in 1945,
my parents decided that I should move to Hong
Kong to receive a Chinese education. After all,
I was growing up to behave like a “hollow bam-
boo,” without any knowledge or appreciation
of my Chinese heritage or culture. So in the
spring of 1949, I was thrown into a Chinese
middle school in Hong Kong. I had just turned
12, and by age I was assigned to the first year of
middle school (the equivalent of seventh grade
in the United States). Everything was taught in
the native language, including the subject “En-
glish.” Not surprisingly, I flunked out at the end
of the term. It was a socially humiliating expe-
rience, if not a psychological trauma that took
many years to shake off.

Ultimately, I ended up in an English-
speaking school run by the Irish Jesuits. It was
here that my interests in academics were kin-
dled and I developed a fascination for mathe-
matics and science. A number of excellent math
and science teachers had aroused my interest
in these subjects with their inspiring style of
teaching.

In the fall of 1953, I returned to California
and entered the University of San Francisco
(USF) with the intention of joining the
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priesthood and becoming a science teacher. At
the age of 16 going on 17, I was not up to the
challenge of a rigid lifestyle and I soon gave up
the idea of becoming a Jesuit. Instead of con-
tinuing my studies at USF, I transferred to U.C.
Berkeley with the help of the chairman of the
science faculty at USF.

BERKELEY DAYS: FROM UNIT
OPERATIONS TO QUARTIC
OSCILLATORS

U.C. Berkeley was a difficult school for me.
I was not prepared for the rigorous curricu-
lum. Berkeley was also intimidating in other
ways. Because I was brought up in a relatively
sheltered environment throughout my adoles-
cence, it took some effort to build up the self-
confidence to survive in this seemingly “unsup-
portive” environment. I had to find myself.

Two professors at U.C. Berkeley were
inspirational to me, both inside and outside the
classroom. Professor George Pimentel’s lucid
lectures on chemical equilibrium did much to
stimulate my interest in the complex chemistry
of solutions. More importantly, he maintained
an interest in my overall development as a
young man and steered me toward cultivating
intellectual outlets other than just chemistry.
Professor Andrew Acrivos taught me applied
mathematics, chemical engineering thermody-
namics, and kinetics, and he did me a greater
favor by introducing me to the process of
self-study and independent research. Thus, by
the time I became a senior, I was prepared to
learn things on my own from sources outside
the classroom. During my senior year, I began
auditing courses in physics and chemistry that
were not part of the formal curriculum.

After my graduation from U.C. Berkeley
with a BS in chemical engineering in 1957, my
original plans were to do graduate studies at the
University of Minnesota. For health reasons, I
ultimately stayed at Berkeley to work toward a
PhD in physical chemistry. Professor Kenneth
Pitzer, the then dean of the College of Chem-
istry, arranged for my admission and late regis-
tration. Even so, by the time I was allowed to

register and discuss research with professors in
the College, essentially all the vacancies in the
research groups I was interested in were filled. I
eventually signed up to work in the area of EPR
for Professor Rollie Myers, who happened to be
on sabbatical leave in Switzerland at the time.
Professor William Gwinn was willing to take
me on as a graduate student for one year until
Dr. Myers returned. A year later, Dr. Gwinn de-
cided to keep me on as his own student, as I was
well on my way toward completing my thesis
research. Dr. Myers was not aware of this ar-
rangement and outcome until many years later
when he was on sabbatical with me at Caltech.

My PhD thesis was on the microwave spec-
trum of oxetane (or trimethylene oxide) and its
molecular structure. The work was concerned
with the nature of the potential function de-
scribing the out-of-plane vibration of the four-
membered ring. At that time the planarity of
this heterocycle was controversial. According
to the microwave spectrum, the molecule was
essentially planar, but the ring was bent accord-
ing to far-infrared spectroscopy. My thesis work
was to reconcile the microwave and far-infrared
data. It was possible to fit both sets of data
in terms of a potential function consisting of
the quartic potential with a small central bar-
rier, with the zero-point vibrational level above
the top of the barrier (15). In other words, the
four-membered ring of oxetane was essentially
planar. The remarkable feature of the fit was
how well the far-infrared data were accounted
for by the quartic oscillator, including the iso-
tope shifts of the �n = 1 transition frequencies
when the three CH2 groups on the periphery
of the four-membered ring were replaced by
CD2. Despite the excellent agreement between
theory and experiment, it took almost a decade
before the story was finally accepted by the sci-
entific community.

ONWARD TO HARVARD

I was set on an industrial career after obtaining
my PhD. In fact, by the early spring of 1960,
I had lined up attractive positions at MIT Lin-
coln Laboratories, Lockheed, General Electric
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(to work with Bruno Zimm), and IBM (to work
with Enrico Clementi). My PhD mentor, how-
ever, had a different plan for me. Upon his
insistence, I applied for an NSF Postdoctoral
Fellowship to work with Professor Norman
Ramsey in the department of physics at Harvard
University. High-resolution solution NMR was
developing at the time, and Professor Dudley
Herschbach, who was a beginning assistant pro-
fessor of chemistry at Berkeley, suggested that
a good way for me to enter the field with my
background in microwave spectroscopy of gases
was to study the NMR of small molecules in
molecular beams. At Harvard, I would learn
the physics of NMR rigorously from Profes-
sors Ramsey, Edward Purcell, and R.V. Pound.
Thus, Ramsey seemed like the perfect choice.
Nonetheless, the NSF application was just an
exercise for me to keep peace with my pro-
fessor. When the word came on March 15,
1960, that I had won an NSF Fellowship, I was
taken aback. When I accepted to go to Har-
vard in April, Dr. Gwinn was pleased, but my
father was disappointed that I took the $4500
fellowship instead of the much-higher-paying
positions at General Electric and IBM that I
was seriously considering. He showed his dis-
appointment by reminding me, “Son, I don’t
have a PhD, but I make much more money than
that.”

NMR IN MOLECULAR BEAMS

I arrived in Cambridge, MA, before Labor Day
1960. The Ramsey laboratory had just assem-
bled a molecular beam machine with the uni-
versal detector. The mass spectrometer with
electron-bombardment ionization to detect the
molecular beam allowed molecular beam mag-
netic resonance studies to be extended to
molecules beyond molecular hydrogen. As I was
the only chemist in the group, it was incumbent
upon me to prepare other molecules for these
experiments. Toward this end, I prepared HF,
HCl, HBr, HI, and HCN, and the proton spin-
rotation coupling constants of these molecules
were subsequently determined by Jim Pinker-
ton, a PhD student in the Ramsey laboratory.

For my own research, I embarked on mea-
surements of the spin-rotation coupling of 15N
in molecular 15N2 and the rotational magnetic
moment of this molecule (13). Because the 15N
nuclear moment and the rotational magnetic
moment were one order of magnitude smaller
than the corresponding magnetic moments in
H2, narrower slit widths had to be used in colli-
mating the molecular beam and detecting mag-
netic resonance, and to make up for the loss
in sensitivity of detection of the magnetic res-
onance signal, the standard single slit was re-
placed by multiple slits. The 15N spin-rotation
coupling constant and the rotational magnetic
moment of 15N2 culminated in the determina-
tion of the paramagnetic contribution to the
15N nuclear magnetic shielding and the abso-
lute shielding scale for the 15N chemical shift,
as well as the paramagnetic contribution to the
magnetic susceptibility in molecular N2.

It soon became obvious that the molecular
beam magnetic resonance method could be ex-
tended to molecular systems with larger mag-
netic moments, e.g., molecules with unpaired
electrons. The first system I tried was NO,
a diatomic with an unpaired electron in a π-
molecular orbital. This electron spin is coupled
via spin-orbital coupling to the orbital angular
momentum along the N−O bond axis, leading
to 2π1/2 and 2π3/2 �-doublet states separated
by 121.1 cm−1. NO in the 2π1/2 state is non-
magnetic, but owing to rapid end-over-end ro-
tation of the molecule, a large rotational mag-
netic moment is produced (12). Professor J.H.
Van Fleck happened to be in the laboratory the
afternoon this discovery was made, and by the
next morning he had explained the observation
using perturbation theory to mix the 2π1/2 and
2π3/2 �-doublets by electron spin-rotation cou-
pling and the Zeeman interaction of the elec-
tron spin. To a novice scientist such as myself,
this was an impressive demonstration of real
raw intellectual power. The following week I
picked up a copy of Van Fleck’s book Theory of
Electric and Magnetic Susceptibility at the Harvard
Coop bookstore in Harvard Square and read it
from cover to cover. Subsequently, I had many
scientific discussions with Dr. van Fleck, and
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these encounters left a deep and lasting impres-
sion on me, reinforcing that I had made the
right decision to do my postdoctoral study at
Harvard.

The second free radical I tried to study on
the molecular beam apparatus was the methyl
radical, which was produced by pyrolysis of
tetra-methyl lead in a hot source constructed
from a quartz tube. I was able to deflect the
CH3· in both the dispersing and refocusing in-
homogeneous magnetic field regions, but the
electron spin resonance elicited in the homo-
geneous magnetic field region of the molecu-
lar beam apparatus was spread out because of
the large coupling of the electron spin with
the large rotational magnetic fields produced
by end-over-end rotation of the radical.

BEGINNING MY ACADEMIC
CAREER AT THE UNIVERSITY
OF CALIFORNIA AT RIVERSIDE

During the spring of 1961, I was offered the
position of assistant professor at the University
of California at Riverside (UCR). The graduate
program in chemistry at UCR had just started,
and I thought I could contribute to building
a high-quality program. It was here that my
original interest in science teaching was finally
beginning to take shape. I also began to de-
velop an interest in the mentoring of gradu-
ate students. My graduate training at Berkeley
and my postdoctoral experience at Harvard had
convinced me that research training was a great
way to encourage young people to develop their
potential to become original and independent
research scientists. Thus, my career as an aca-
demic scholar and teacher was beginning to gel.
I was about to turn 25.

Although I had finally settled on my career
goals, my research plans were far from crystal-
lized. I did not want to continue in the NMR
of molecular beams. This type of spectroscopy,
like microwave spectroscopy, was maturing and
becoming less likely to generate new concepts
or breakthroughs. To train graduate students,
I felt that the research they worked on had to
be “discovery” driven. In curiosity-driven sci-

ence, the young person could be trained to
define the scientific question, develop the re-
search plan, formulate the hypotheses to be
tested, and design the experiments to test them.
So, during my first year at Riverside, I tried a
number of areas that were new to me, includ-
ing the solution structure of transition metal
complexes in solution by NMR (introduced
to me by Professor Donald Sawyer), NMR of
purine and pyrimidine bases (introduced to me
by Professor George Helmkamp), and EPR of
concentrated alkali metal ammonia solutions.
Magnetic resonance in solution appeared to be
a developing field, and it was capturing my
intellectual attention.

I happened to be at the right place at the
right time. It was my good fortune that a
Varian DP 60 NMR spectrometer was sitting
idle in the Citrus Experimental Station and that
it would become the tool of my research. All I
had to do was get the spectrometer fired up and
running. Before long, I was the faculty mem-
ber in charge of the spectrometer, the NMR
technician, and the NMR operator for the de-
partment. I worked together with Richard Kula
and Donald Sawyer on the NMR of metal
complexes of ethylenediaminetetraacetic acid
(EDTA), methyliminodiacetic acid (MIDA),
and nitrilotriacetic acid (NTA) (19), and with
Marty Schweizer and George Helmkamp on
the NMR of purines (87). Oscar Paez started
to prepare concentrated alkali metal liquid am-
monia solutions, and we determined the mi-
crowave skin depth of these metal solutions
by EPR to estimate the electrical conduc-
tivity (11). Robert Iwamasa started a project
on the selective hydration of alkali and al-
kaline earth metal ions in dilute solutions in
acetonitrile.

During this period, I maintained an interest
in spin-rotation coupling and the paramag-
netic contribution to nuclear magnetic shield-
ing. While at Harvard, I had many conversa-
tions with Professor John Baldeschwieler on
19F NMR relaxation. It was apparent that spin-
rotation coupling was an important relaxation
process for 19F. It turned out that this was the
case for 13C and 15N as well.
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MOVING ACROSS TOWN
TO CALTECH

During the spring of 1961, Professor G.W.
Robinson invited me to present a seminar at
Caltech. Much to my surprise, I was invited to
join the Caltech chemistry faculty the following
week. It didn’t take me long to decline the offer.
As my research program was just about to gel,
I did not feel that it was time for me to make
a move. I was also reluctant to move to such a
high-power place. I wasn’t sure that I was up
to the challenge. Besides, it could mean a dra-
matic change in lifestyle for me, more than what
I was willing to make. When Professors Harden
McConnell and Jack Roberts subsequently
asked me to reconsider, and a similar offer was
extended to me from the chemistry department
at Yale, I decided that perhaps I should con-
sider the long-term impact of a stimulating re-
search environment and high-quality graduate
students on the development of my research ca-
reer. After some soul searching, I finally made
the decision to move to Pasadena.

Caltech is an amazing place. As the Caltech
logo now says, “There is only one Caltech.” Yes,
it is a unique place to do science. My colleagues
are world class and supportive. The graduate
students are first rate. All the way around, there
is quality. It is simply a classy institution. I have
been associated with Caltech for well over 45
years. Not for a single moment have I ever re-
gretted the decision I made in 1961.

MY FIRST RESEARCH PROGRAM
IN BIOPHYSICS: BASE-STACKING
OF NUCLEIC ACIDS IN
AQUEOUS SOLUTION

Soon after I arrived in Pasadena, I began to con-
solidate my research program to focus on the
application of NMR to address the structure of
biological molecules and their interactions in
solution. As I was leaving UCR, I was already
studying the interactions between nucleic acid
bases, nucleosides, and nucleotides in water so-
lution. From studies of the colligative proper-
ties of these molecules in aqueous medium, it

was evident that these molecules associate in
water. The issue was whether they associate via
horizontal hydrogen-bonding or vertical base-
stacking via hydrophobic and Van der Waal
interactions. I was exploiting the ring current
shifts of the nucleic acid bases to distinguish be-
tween the two modes of association. Together
with Dr. Paul O.P. Ts’o and George Helmkamp,
Marty Schweizer and I studied the NMR chem-
ical shifts of the ring protons of purine and
6-methylpurine as a function of concentration
(22). Upfield shifts were observed, consistent
with base stacking, and the extent of the con-
centration shifts was consistent with the degree
of association implicated by osmotic coefficient
measurements (100). This conclusion was re-
ceived with some skepticism at the time. Dr.
Y. Kyogoku, working with Professors Richard
Lord and Alex Rich at MIT, had independently
shown by infrared spectroscopy that derivatives
of A and T, and G and C, formed horizon-
tal complementary base pairs in CHCl3, just
as predicted by Watson and Crick for double-
helical DNA (52, 53). It soon became clear that
the difference in solvent, water in the case of
the NMR experiments and CHCl3 in the case
of the infrared experiments, accounted for the
differences in the solution behavior of these
molecules. Thus, nucleic acid bases do stack in
aqueous buffer. The same vertical forces must
be operative in stabilizing the secondary struc-
tures of DNA and RNA molecules to overcome
in part the significant entropic penalty required
to form complementary base pairs in the double
helix.

Following up on this work, James Nelson
studied the conformational properties of the
dinucleotide ApA in aqueous solution (21);
Benedict Bangerter, the dinucleotides ApC,
CpA, ApU and UpA (3); and Paulus Kroon,
George Kreishman, and James Nelson, the con-
formational properties of ApApA, ApApApA,
and ApApApApA (50). Ben Bangerter and
Heinrich Peter also discovered that purine
could insert into the ApA stacks and form weak
short-lived intercalated complexes with ApC,
CpA, and ApU, further demonstrating the im-
portance of base-stacking interactions (14). Ben
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was also able to use polyU as a template to form
a triple helix from two polyU strands and a ver-
tical stack of adenosine, which was stabilized by
Watson-Crick and Hoogsteen base-pairing in
addition to the vertical interactions along the
adenosine stack (2).

PHASING OUT THE CHEMICAL
PHYSICS PROGRAM

Part of the consolidation of my research pro-
gram included the gradual phase out of my in-
terests in spin-rotation coupling and NMR re-
laxation. One of the first graduate students to
join the Chan laboratory at Caltech was Alan
Dubin. He looked for evidence of spin-internal-
rotation coupling, the coupling of a nuclear spin
to the rotational magnetic field generated by
rapid internal rotation of a rotor in molecules
containing −CH3 or −CF3 tops. We selected
benzotrifluoride for this work. In this molecule,
the barrier to internal rotation of the −CF3

group is sixfold; sixfold barriers are typically
very small, a few calories per mole. 19F was
chosen because the rotational magnetic fields
per unit angular momentum experienced by the
three 19F nuclei in the −CF3 top were expected
to be large. Alan, together with Tom Burke,
built a pulse NMR machine to measure the 19F
NMR longitudinal relaxation rates (1/T1) in
benzotrifluoride and hexafluorobutyne-2 (10,
33). The 19F T1s were short; moreover, part
of the NMR relaxation was observed to be in-
dependent of the viscosity of the medium, as
expected for spin-internal-rotation coupling.
Fluctuations in the rotational magnetic field
due to internal rotation should be inertially
controlled. As predicted, Alan quenched the
spin-internal-rotation coupling in the case of
benzotrifluoride by introducing a substituent at
one of the ortho positions of the aromatic ring,
converting the barrier from sixfold to three-
fold (33). Threefold barriers to internal ro-
tation are typically 1000 times higher. Addi-
tional confirmation of this mechanism of NMR
relaxation came from a study of the pressure
dependence of the NMR relaxation rates by
Professor Jiri Jonas and his coworkers at the

T1: longitudinal spin
relaxation time

University of Illinois, Urbana-Champaign (9).
Later, Charles Schmidt established the impor-
tance of 13C spin-internal-rotation coupling in
the 13C NMR relaxation of the methyl top in
toluene (84).

As I began to embark on the new field of
biophysics, it was not obvious to me that my
background in chemical physics would serve me
well in my future endeavors. Moreover, given
that I have had no formal training in biochem-
istry or biology, I was entering the field with
a major handicap. Molecular biophysics was a
relatively virgin field, and not knowing much
about it was a blessing in disguise. I learned the
biochemistry as my interests and understand-
ing developed, and I had no choice but to focus.
The more serious hurdle was finding out what
was known and what was not known, as well as
identifying the scientific questions that needed
to be solved and the tools that would get me
to the heart of the matter. Here, my physical
background and experience in molecular spec-
troscopy, particularly NMR and EPR, proved
to be invaluable. My training in physics armed
me with the insights to formulate and analyze
complex problems rigorously from the outset. I
was also in a better position to develop reason-
able conceptual models and hypotheses to test
in the laboratory.

FORAYS INTO MEMBRANE
BIOPHYSICS

Dynamic Structure of Lipid
Bilayer Membranes

In 1968, Michael Sheetz joined my laboratory.
He was interested in developing biophysical
methods to probe the structure and dynamics of
biological membranes consisting of both phos-
pholipids and membrane proteins. The impe-
tus of the work actually came from Professor
S.J. Singer of the University of California at
San Diego, who was eager to seek more direct
physical evidence for the fluid mosaic model
of biological membranes (93). Mike initiated a
collaborative effort: The Singer laboratory pre-
pared red blood cell ghosts and Mike examined
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T2: transverse spin
relaxation time

the proton NMR of the ghost membranes. A
Varian HR 220 superconducting NMR spec-
trometer had just been installed at Caltech, and
it seemed like the timely experiment to try.

No discernable features were apparent in the
NMR spectrum under ambient temperatures.
However, as the temperature was raised to 40◦C
and above, reproducible resonances appeared
characteristic of denatured proteins (41). These
resonances originated from spectrin, the ma-
jor cytoskeletal protein in the membrane of the
red cell ghosts (92). Surprisingly, no phospho-
lipid features were evident, even though the
lipid bilayer was supposed to be fluid. The ob-
vious conclusion was that the local motions of
the lipid molecules were restricted and slow
in the membranes; the overall rotation of the
ghost was too slow to average out any residue
magnetic dipolar interactions among the pro-
ton spins.

To address this issue, Mike prepared single-
walled phospholipid bilayer vesicles, fraction-
ated the vesicles according to size, and recorded
their proton NMR spectra. The proton NMR
of the smallest bilayer vesicles, which were 250–
300 nm in diameter, was extremely sharp, re-
sembling the spectrum of a small hydrocarbon
droplet in a micelle of the same diameter. More-
over, the line widths were not influenced by the
viscosity of the medium in which the vesicles
were suspended. Thus, the overall tumbling of
the vesicle was not a controlling factor in lim-
iting the line widths of the lipid resonances in
the small sonicated vesicle. We surmised that
the observed fluidity arose from disorder in the
packing of the phospholipid molecules to fit the
extreme curvature imposed by the bilayer struc-
ture (91). Although this explanation of the un-
usual fluidity of small lipid vesicles seemed in-
tuitively obvious, the curvature effect remained
controversial for many years.

An outcome of the curvature effect was that
the two monolayer leaflets of a small bilayer
vesicle were intrinsically nonequivalent owing
to differences in the magnitude and sign of
the curvature experienced by the inside- and
outside-facing lipid molecules. This asymme-
try was subsequently demonstrated by Joseph

Schuh, Utpal Banerjee, and Luciano Mueller
(85) and Kenneth Eigenberg (34) in proton
NMR experiments at 500 MHz that revealed
different chemical shifts for the choline methyl
groups of the lecithin molecules occupying the
two halves of the bilayer vesicle.

During the 1970s, the Chan laboratory de-
voted considerable effort toward comparing
the properties of single-walled bilayer vesi-
cles with those of multilamellar dispersions.
As opposed to single-walled bilayer vesicles,
the multilamellar structures corresponded to
the global thermodynamic free-energy min-
imum of the phospholipid-water dispersion.
In contrast, single-walled bilayer vesicles were
metastable and they tended to fuse with one
another to form larger structures. This vesicle
fusion was catalyzed by local defects in the bi-
layer structure. Rüdiger Lawaczeck, Jean-Luc
Girardet, and Masatsune Kainosho introduced
structural defects into the bilayer membranes
by sonicating phospholipid dispersion below
the phase transition temperature of the lecithin
dispersions (56). These structural defects also
mediated transmembrane solute and ion trans-
port (57), reminiscent of the structural fluc-
tuations found in lipid structures containing
coexisting gel and fluid domains. Arthur Lau
also discovered that amphiphatic peptides like
alamethicin could mediate the rapid fusion of
small bilayer vesicles prepared by sonication
above the thermal transition (55). 1H NMR ex-
periments by Arthur (54) and 31P and 2H-NMR
experiments by Utpal Banerjee, Robert Birge,
and Raphael Zidovetzki (1) showed that these
peptides were surface active and could serve as
nucleating centers to lower the activation en-
ergy for vesicle fusion.

To compare the dynamic structure of the
bilayer vesicle with that of the multilamellar
phospholipid dispersion, the Chan laboratory
appealed to NMR line width and relaxation
measurements, exploiting the different sensi-
tivity of the T1 and T2 to molecular motions of
different timescales. Unlike the high-resolution
liquid-like spectrum observed for the small lipid
vesicle, in lecithin multilamellar dispersions,
the choline methyl resonance, the resonances of
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the methylene protons, and the terminal methyl
protons of the acyl chains were significantly
broader in the 1H NMR spectrum. In addition,
the spectrum exhibited intensity anomalies ex-
pected for a powder spectrum of a system with
motional restriction (23). To estimate the de-
gree of motional restriction, Gerry Feigenson
and Charlie Seiter recorded the early part of
the free induction decay (FID) in the pulsed 1H
NMR of the lecithin dispersion (17).

Charlie Seiter interpreted the decay in terms
of the magnetic dipolar interactions among the
methylene protons near the top of the acyl
chains that were not averaged by molecular mo-
tions, including contributions from both the
geminal dipolar coupling as well as intergem-
inal interactions. To account for the observed
motional averaging of the 1H–1H dipolar inter-
actions, he suggested rapid lipid or chain mo-
tion about the normal to the plane of the bi-
layer membrane together with off-axis motion
within a restricted range of ∼40◦ within the
timescale of the NMR measurement (89). Al-
though this analysis was relatively crude, it was
an important beginning because it introduced
the boundary conditions under which the NMR
of membranes needed to be interpreted.

In due course, the 1H NMR experiment was
superseded by 2H NMR, in which the orienta-
tional order of the acyl chains was determined
by the extent of motional averaging of the 2H
electric quadrupolar interactions of the C–D
bonds within each of the C–D2 segments (88).
The 2H NMR method became the method of
choice because it allowed direct determination
of the order parameters of the various methy-
lene segments along the acyl chains, providing
a much more precise picture of the flexibility
gradient along the hydrocarbon chains.

Nils Petersen elaborated on the motional
model of Seiter by introducing the possibility
of trans-gauche isomerization of the methylene
segments along the acyl chains, in addition to
the restricted fluctuations of the lipid chains
about the director of the membrane (79). In
principle, many types of motions could con-
tribute to the reduction of the orientational or-
der of the individual segments of the acyl chains

in a partially disordered lipid system, includ-
ing trans-gauche isomerization, the formation
of kinks via β-coupled gauche+-trans-gauche−

isomerizations, diffusion of the kinks up and
down the acyl chains, dynamic tilting of the
hydrocarbon chains, and the entire phospho-
lipid molecule about the membrane director,
as well as elastic waves arising from undula-
tions of a collection of phospholipid molecules
within the thin bilayer film (74). The forma-
tion of ( ± ) gauche bonds should be facile and
highly probable, particularly toward the tails
of the hydrocarbon chains. The chain fluctu-
ations were expected to be slower, but these
motions could involve a single lipid molecule
undergoing restricted motion within its acces-
sible volume, as well as a cooperative domain
of many molecules undergoing highly damped
surface undulations within the lipid film. The
timescales of these motions extended from rel-
atively rapid individual molecular fluctuations
to slow collective motions of larger amplitudes.
Any disorder in the molecular packing of the
phospholipid molecules would reduce the co-
operativity and increase the amplitude of the
restricted motion and the frequency of the fluc-
tuations. In contrast, cholesterol introduced
considerable molecular ordering into the mo-
tional state of lecithin bilayer vesicles (49).

In those days it was popular to attribute
the reduction of the orientational order of the
hydrocarbon chains solely to trans-gauche
isomerization. 13C T1s and 2H NMR order
parameters and T1s were interpreted in this
manner (58, 98). Gerry Feigenson measured 1H
T1s of lecithin multilamellar dispersions over
a range of temperatures and NMR frequencies
and concluded that there were at least two types
of motions involved: one correlation time of
the order of 10−9 s and the other of the order
of ≥10−7 s (40). He attributed the faster mo-
tion to kink diffusion and the slower motion to
chain fluctuation. Masatsune Kainosho, Paulus
Kroon, Rudiger Lawazcek, and Nils Petersen
(47) and the group headed by Mel Klein at U.C.
Berkeley also measured the T1s and T2s of the
protons of the headgroups and the hydrocar-
bon chains in small sonicated lecithin bilayer

www.annualreviews.org • Adventures with Molecular Machines 9



ANRV376-BB38-01 ARI 27 April 2009 17:20

CcO: cytochrome c
oxidase

vesicles (44). From the temperature depen-
dence and the NMR frequency dependence of
T1s, it was concluded that the formation and
diffusion of kinks occurred on the timescale of
10−10 to 10−9 s, but the chain fluctuations oc-
curred in the vicinity of 10−8 s (74). As expected,
the correlation length of a cooperative domain
was substantially shorter in the disordered bi-
layer vesicle.

In these systems, the observed intrinsic T2s
were always substantially shorter (typically by a
factor of 10) than the observed T1s, reflecting
the more complex power spectrum of the fluc-
tuating magnetic dipolar fields brought about
by the complex motions highlighted above.
Thus, the dynamic structure of a bilayer mem-
brane is highly complex and the motions are
characterized by a hierarchy of motions of dif-
ferent amplitudes and timescales. The Chan
group exploited the sensitivity of multiple-
frequency NMR measurements to different
timescales to sample these motions during the
1970s (8).

Lipid-Protein Interactions and
Lipid-Mediated Protein-Protein
Forces

According to the fluid mosaic model of Singer
& Nicolson (93), the structure of a biological
membrane consisted of a fluid lipid bilayer with
membrane proteins embedded and anchored
vectorially in the thin film. For the embed-
ded proteins to be thermodynamically stable,
the protein must be folded with the hydropho-
bic residues exposed to the lipid molecules, and
there must be matching of the hydrophobic hy-
drocarbon chains to the hydrophobic surface
of the proteins (75, 77, 78). Any hydrophobic
mismatch could be alleviated by adjusting the
number of gauche bonds toward the tails of the
hydrocarbon chains of the phospholipids, tilt-
ing the phospholipids and the hydrocarbon
chains about the normal to the bilayer plane,
and redistributing the otherwise heterogeneous
distribution of lipids in the cell membrane
to bring lipids with the appropriate hydrocar-
bon chain lengths to form the boundary lipids

at the interface of the proteins (78). Thus,
any hydrophobic mismatch would necessarily
perturb the lipid bilayer and lead to protein-
protein forces. Owicki, McConnell, and col-
leagues were the first to treat this problem theo-
retically (72, 73). Tim Pearson and Jay Edelman
extended this work and showed that these lipid-
protein interactions did not readily damp out
because of the two-dimensional structure of the
bilayer film (77). Correlation lengths were long,
of the order of 10 nm. Accordingly, at the appro-
priate protein concentrations in the membrane,
when the perturbed lipid domains overlapped,
there could be lipid-mediated protein-protein
forces and the protein pair radial distribution
function would be modified from the statisti-
cally random distribution.

Tim Pearson was the first to look for exper-
imental evidence in support of this prediction.
Working with Barbara Lewis and Don Engel-
man, he examined the protein distribution in
recombinants of bacteriorhodopsin in bilayer
dispersions formed from lecithins with differ-
ent acyl chain lengths by freeze-fracture elec-
tron microscopy (78). Indeed, the pair protein
distribution function differed from the statisti-
cally random distribution and varied in a man-
ner predictable by the hydrophobic mismatch
at the lipid-protein interface. Both attractive
and repulsion interactions were implicated de-
pending on the nature of the mismatch. Sub-
sequently, Tim Pearson extended the study to
protein-lipid recombinants of cytochrome c ox-
idase (CcO) and reported evidence for a similar
lipid-mediated protein-protein force (76).

Later, Paula Watnick, Phoebe Dea, and Lu-
ciano Mueller studied the effects of the trans-
membrane peptide gramicidin A on the dy-
namic properties of the bilayer membrane (65,
104). Different deuterated lecithins of varying
chain lengths were examined by 2H NMR. As
expected, gramicidin A had no noticeable ef-
fects on the 2H T1s. However, there were dra-
matic effects on the homogeneous T2s of the
2H (65). These results were consistent with the
expected effects of the incorporated peptide on
the elastic constants and the lateral cooperativ-
ity of the bilayer structure (104). The peptide
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reduced the overall effective correlation length
of the cooperative domain.

THE ERA OF MEMBRANE
PROTEINS

Cytochrome c Oxidase:
A Redox-Linked Proton Pump

Our early attempts to study lipid-protein inter-
actions and to obtain evidence for the bound-
ary lipid were carried out using CcO from
bovine heart. This work was carried out in col-
laboration with Professor Tsoo E. King and
Drs. Chang-An Yu and Linda Yu. Chang-An
and Linda Yu (110) provided the laboratory
with high-quality protein, and my postdoc Dr.
Ming-Chu Hsu and graduate student Valerie
Hu prepared lipid combinants of the CcO for
NMR studies. Unfortunately, we were unsuc-
cessful in obtaining reproducible-quality 1H
NMR data. Moreover, the NMR signals were
broad, presumably because of the difficulty in
obtaining a sufficiently homogeneous system
and because of chemical exchange effects aris-
ing from sampling of the phospholipids over
domains of different sizes and compositions. Af-
ter about one year, we decided to move on to
study the protein itself.

At the time, CcO was not molecularly char-
acterized. The subunit composition was still
unclear. The protein was thought to contain
two iron heme As and two copper ions (4).
The hemes were called cytochrome a and cy-
tochrome a3, and the copper ions were called
CuA and CuB. It was established that the en-
zyme participated in dioxygen reduction and
was thus the terminal enzyme in the respiratory
chain of mitochondria. But little was known
about the electron transport and the dioxy-
gen chemistry mediated by the enzyme, not to
mention the role played by the metal cofactors
in mediating this chemistry. Märten Wikström
had obtained the first evidence that CcO might
be a proton pump (106), but the issue was highly
debated. In any case, the general consensus then
was that CcO was a highly complex molecular
machine.

A molecule of this complexity was certainly
beyond the training and expertise of a physi-
cal chemist. In fact, an eminent membrane bi-
ologist thought that there was no room for a
physical chemist in this field and he advised me
to apply my knowledge of physical methods to
work on better-defined systems. On the other
hand, several laboratories, including those of
Helmut Beinert and Tsoo King, among others
(43, 110), were beginning to isolate the enzyme
from mitochondria and purify the protein to
homogeneity. The methods of molecular biol-
ogy were also becoming available at the time,
and my instincts suggested that it was only a
matter of time before this membrane protein
was going to be cloned and overproduced. With
the field at this stage of development, it was a
perfect opportunity to train graduate students
and postdocs. They could learn to define the is-
sues that needed to be addressed, come up with
the methods of the solution, and contribute to
molecularizing the problem, which was the goal
of my jumping into the quagmire to begin with.

The first attempts by the Chan laboratory
were directed toward characterizing the metal
centers of CcO. National synchrotron radia-
tion facilities had just been established, and
X-ray absorption spectroscopy seemed like a
good way to identify and characterize the Fe
and Cu atoms in the enzyme. Dr. Bob Shul-
man of Bell Laboratories contributed part of
his beam time at the Stanford Synchrotron Ra-
diation Laboratory to allow Valerie Hu and me
to perform these experiments. Strictly speak-
ing, we had to obtain Dr. Bill Blumberg’s bless-
ings before undertaking the Cu Kα-edge ex-
periments, since the turf was divided up into Fe
and Cu X-ray absorption between the Shulman
and Blumberg groups at Bell Laboratories, re-
spectively. Fortunately, I was able to forestall
a political crisis because Dr. George Brown of
Bell Laboratories was helping Valerie and me
with the experiments.

The interpretation of the Fe Kα-edge of
CcO was straightforward. However, the Cu
Kα-edge suggested that one of the two copper
ions was Cu1+ when the enzyme was fully oxi-
dized, or the ligand environment of this copper
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ion was highly covalent (45). This observation
suggested that cysteine sulfurs were associated
with this copper cofactor. During those times,
the enzyme was thought to contain two iron
and two copper ions, and it wasn’t until 20 years
later that Caughey and coworkers (109) discov-

ered that the correct metal content was two iron
and three copper ions. It is now known that
CuA is really a mixed valent Cu(I)Cu(II) species
bridged by two thiolates in the oxidized enzyme
(Figure 1a) (46, 101, 102). Thus, the Cu Kα-
edge was giving us the right story, though we

a b
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His 291
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O

C
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Figure 1
Ligand structures of (a) CuA, (b) cytochrome a and cytochrome a3, and (c) cytochrome a3 and CuB in bovine cytochrome c oxidase.
Taken from Reference 101.
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could not distinguish between a reduced cop-
per and a highly covalent Cu(II) during those
earlier times. It turned out the answer was both.

In the meantime, Gary Brudvig, Tom
Stevens, and David Bocian joined the CcO
project. They decided to use NO to probe the
dioxygen-binding site of the enzyme. At the
time, the dioxygen reduction site was known
to consist of cytochrome a3 and CuB, but this
site was EPR silent in both the fully oxidized
and reduced forms of the enzyme. In the fully
reduced form, both cytochrome a3 Fe2+ and
CuB

1+ were diamagnetic, but in the fully oxi-
dized state, the high-spin cytochrome a3 Fe3+

and CuB
2+ were thought to be exchange cou-

pled to yield an S = 2 electronic state, which
did not possess a Kramer’s doublet to facili-
tate EPR observations. On the other hand, NO
was often used as a probe of dioxygen-binding
sites. With its unpaired electron spin, the NO
could be used to convert an integral spin sys-
tem into an electronic state with a Kramer’s
doublet. Armed with this strategy, Gary, Tom,
and David treated the reduced and the oxidized
oxidases with NO to explore the structure of
the dioxygen reduction site (95). EPR signals
were elicited for all the cofactors in one or the
other of these experiments. In a neat experi-
ment, in which they treated the azide adduct
of the oxidized enzyme with NO, they demon-
strated that the reaction of NO with the azide
adduct led to disproportionation of the azide
adduct to give N2O and N2, followed by re-
duction of the cytochrome a3 and binding of
a second NO to give an exchange-coupled cy-
tochrome a3

2+-NO, CuB
2+ triplet species. The

resulting zero-field splitting suggested a NO-
CuB

2+ interspin distance of 3.5 Å or a Fe Cu
distance of ∼5 Å for the dioxygen reduction
site. This result indicated that the dioxygen-
binding site on cytochrome a3 was located on
the same side of the porphyrin plane as CuB,
providing the first direct evidence that the bi-
nuclear site could be bridged by a peroxide in-
termediate during the initial stages of dioxygen
activation (Figure 1b,c).

Tom Stevens and Craig Martin moved the
project forward another notch by obtaining in-

formation on the ligands of the various metal
cofactors. The prevailing view at the time was
that this information was needed before the re-
dox potentials and electron transfer rates medi-
ated by the metal cofactors of the enzyme could
be understood. With the assumption that these
ligands must be highly conserved, Tom and
Craig exploited amino acid auxotrophs to incor-
porate selected amino acids with isotopic labels
into the CcO to reveal the identity of the lig-
ands by the nuclear superhyperfine interactions
in the EPR that could be elicited from each of
the four metal cofactors, either by conventional
EPR experiments or electron nuclear double
resonance (ENDOR) measurements of the var-
ious EPR signals. Thus, 15N ring-labeled his-
tidines and 2H- and 13C-labeled cysteines were
used to obtain yeast CcO when appropriate
auxotrophs of Saccharomyces cerevisiae were cul-
tured. In this manner, Tom and Craig system-
atically identified the histidines of cytochrome
a, cytochrome a3, CuA and CuB, and the cys-
teines of CuA (6, 63, 96, 97) (Figure 1). That
cysteines were associated with CuA was particu-
larly significant, and judging from the extended
X-ray absorption fine structure (EXAFS) in
X-ray absorption experiments, thiolates were
implicated as the bridging ligand at the binu-
clear site by other investigators. Because there
were only two conserved thiolates in the sub-
units containing the Fe and Cu cofactors (sub-
units I and II), and these cysteines were in
subunit II, the Chan group had insisted that
CuA was located in subunit II and that the
two cysteines were associated with this site.
This controversy over the cysteines persisted
for many years until the crystal structure of
CcO was finally obtained. The two thiolates
provided the bridging sulfurs for the mixed va-
lent Cu(I)Cu(II) CuA structure (101).

The Chan laboratory has also contributed to
the understanding of the mechanism of dioxy-
gen activation of CcO, which is paramount to
the enzyme’s function as a proton pump. The
binding of dioxygen to CcO had been well stud-
ied by many groups ever since the enzyme was
identified and purified. Britton Chance cham-
pioned the method of flash photolysis at low

www.annualreviews.org • Adventures with Molecular Machines 13



ANRV376-BB38-01 ARI 27 April 2009 17:20

temperature to study the formation of the
dioxygen adduct and the subsequent forma-
tion of the peroxide intermediate (Compound
C) (27). Malmström and coworkers (32) stud-
ied the transfer of the “third” electron to the
Compound C by incrementally increasing the
temperature, monitoring the electron transfer
process by low-temperature UV-visible spec-
troscopy. David Blair and Steve Witt (7, 25) fol-
lowed the reduction of Compound C by rapid
quench 4 K EPR. Surprisingly, two dioxygen
intermediates at the three-electron level of re-
duction were identified in the low-temperature
experiments, with the first intermediate under-
going a bond-breaking step to yield the oxyfer-
ryl species. These findings confirmed that the
O–O bond in dioxygen was cleaved at the three-
electron level of reduction, as in the case of cy-
tochrome P450, rather than after the succession
of two two-electron reductions as proposed by
Malmström and coworkers (32). The formation
of the peroxide intermediate and the oxyferryl
during dioxygen reduction provides for the two
high-potential intermediates that are needed to
accomplish the redox linkages during the pro-
ton pumping mediated by the enzyme (20, 105).

During the 1980s, the evidence for CcO as a
proton pump became increasingly compelling
(105, 106). Certain properties of the proton
pump were also becoming evident. From ther-
modynamic reasoning, the transfer of the first
two electrons from cytochrome c to the dioxy-
gen reduction site via cytochrome a and CuA

could not be directly linked to the pumping of
protons, unless the protein had been energized
in an earlier redox linkage step and the transfer
of these electrons to the oxidized enzyme was to
dissipate any residue conformational excitation
of the protein to eject the protons that have al-
ready been moved across the osmotic barrier.
There is simply insufficient driving force to
move a proton uphill across the osmotic barrier
otherwise (20). Redox-linked proton pumping
in CcO is a highly complex process consist-
ing of electron input, electron transfer, pro-
ton uptake, redox linkage, and proton ejec-
tion steps (86). However, without redox linkage
there can be no transfer of redox energy from

the electron degrees of freedom to the protein
degrees of freedom, and therefore no proton
pumping (66, 67). The putative redox linkage
could occur only during the second half of the
turnover cycle when the final two electrons are
passed to the activated dioxygen, i.e., when the
peroxide and the oxyferryl intermediates are
presumably formed (67). The redox potentials
of these dioxygen intermediates are of the order
of 1 volt, which is approximately 700–800 mV
higher than the intrinsic redox potentials of the
cytochrome a3 and CuB without the dioxygen
bound (105).

To achieve this redox linkage, the flow of
both electrons and protons must be gated. Elec-
tron transfer without linkage corresponded to
an electron leak without transfer of redox en-
ergy to the protein. Without proton gating,
protons cannot be effectively pumped because
of proton backflow (molecular slip). David Blair
and Jeff Gelles (5) introduced the concept of
electron gating and emphasized its importance
for the robust functioning of a redox-linked
proton pump. Siegfried Musser (66) empha-
sized the importance of proton gating. He also
developed the ideas of redox linkage in some de-
tail by embodying the rules in several examples
with varying driving forces for proton pump-
ing (Figure 2). Molecular models were also
highlighted to illustrate these principles (67).
At this juncture, the rules remain untested. Al-
though the structure of CcO has been available
for almost two decades (46, 102), the experi-
mental testing of these ideas has been slow. We
require a detailed understanding of the struc-
tural changes in the enzyme when the dioxygen-
binding site has become activated and when one
of the low-potential centers has been reduced.

In principle the electron transfers linked to
proton pumping could originate from either cy-
tochrome a or CuA. In recent times, the elec-
tron flow within the enzyme has been thought
to follow the canonical pathway for every step
regardless of the state of activation of the dioxy-
gen reduction site: cytochrome c → CuA →
cytochrome a → dioxygen-binding site. This
need not be the case. In fact, no hard data
bear on the transfers of the final two electrons,

14 Chan



ANRV376-BB38-01 ARI 27 April 2009 17:20

the two electrons linked to redox linkage. The
Chan laboratory has suggested that the electron
flow is bifurcated, with the first two electrons
following the canonical pathway, and the sec-
ond two electrons involved in redox linkage oc-
curring through a different pathway bypassing
cytochrome a (Figure 2).

As noted above, the direct transfer of the lat-
ter two electrons would occur with high driving
force, and in fact, if the driving drive is suf-
ficiently high, the rate could be governed by
the Marcus theory of electron transfer on the
right side of the inverted region in the plot of
ket versus driving force (62). Thus, the Marcus
theory could be exploited to gate the electron
flow. If the reduction of CuA is linked to a con-
formational change within the protein that sig-
nificantly raises the reduction potential of the
site (Figure 2), then the putative electron trans-
fer from CuA to the dioxygen intermediates
anchored at the binuclear center could be ren-
dered more facile following the redox linkage.
In this scenario, the reduction potential of CuA

would become higher than that of cytochrome
a, forestalling the electron transfer from CuA

to cytochrome a. In the absence of redox link-
age, the electron equilibration between CuA

and cytochrome a would be rapid, of the or-
der of 20,000 s (64), and possibly even faster
(113). Aside from the redox potential difference
between these two redox centers, the kinetics
of the electron transfer between CuA and cy-
tochrome a could also be tuned by subtle con-
formational changes in the enzyme.

It goes without saying that there must also
be allosteric coupling between the CuA and the
activated binuclear site in this model for the en-
zyme to distinguish between proton-pumping
and nonproton-pumping events. The CuA site,
which consists of a Cu(I)Cu(II) bridged by two
thiolates, is electron rich and is poised to act
as a conformational trigger upon reduction by
an additional electron (67). We expect confor-
mational changes at the dioxygen reduction site
as well in order to optimize the biological en-
ergy transduction (Figure 2). The idea is that
following redox linkage, the electron transfer
from CuA to the dioxygen intermediate(s) will

c–DA (cD–A)
1

(cDA–)
1

(cD–A)
2

(cDA–)
2

Coupled reaction path (proton pumping occurs):  

c–DA (cD–A)
1

(cDA–)
1

Uncoupled reaction path (proton pumping does not occur):  

Protein nuclear coordinates 

V
ib

ro
n

ic
 e

n
e

rg
y

 

c = cytochrome c
D = linkage site 
A = dioxygen intermediate 

c–DA (cD–A)
1

(cD–A)
2

(cDA–)
2

(cDA–)
1

α
0

ΔG0
ET

ΔG
ET

β
0

Figure 2
Schematics of redox linkage occurring during proton pumping by cytochrome c
oxidase (CcO). In this model, both CuA and the dioxygen-activated cytochrome
a3 and CuB are involved in the redox linkage. The primary electron donor that
initiates the process is cytochrome c, which is denoted by c. D denotes the
electron donor for the electron transfer coupled to the proton pump (i.e., the
input linkage site), and A represents the peroxide or oxyferryl dioxygen
intermediate (electron acceptor) (i.e., the output linkage site). Proton-pumping
and nonproton-pumping conformational states of the CcO complex are
highlighted by the subscripts 2 and 1, respectively. These symbols are used in
unison [e.g., (c−DA)1, (cD−A)1, (cD−A)2, (cDA−)2] to denote a specific redox
and conformational state of the CcO complex. Plotted along the ordinate is the
total vibronic energy of the enzyme complex, the electron donating
cytochrome c, and the protons involved in the dioxygen chemistry and the
proton-pumping process. The abscissa denotes the protein nuclear coordinates.
α0 and β0 denote the amounts of redox energy transferred to the protein to
excite the vibrational degrees of freedom during the redox linkage from the
input and output redox linkage sites, respectively. �GET denotes the driving
force for electron transfer. Figure adapted from Reference 66.

occur with a driving force on the left side of
the inverted region to allow the process to be
completed efficiently and irreversibly.

CcO can pump up to 1 H+/e− (105), and
this H+/e− ratio decreases with increasing
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MALDI-TOF MS:
matrix-assisted laser
desorption ionization
mass spectrometry

protonmotive force. The enzyme seems to be-
have as if there is a built-in clutch to switch
the proton-pumping machinery between pro-
ductive and nonproductive cycles (Figure 2).
In this manner, variable H+/e− ratios could be
obtained depending on the external conditions
under which the pump must operate.

Membrane Proteins that Mediate Ion
and Solute Transport

Aside from CcO, the Chan group has main-
tained a strong interest in other membrane
transporters that mediate ion transport as well
as the transport of other solutes. Our inter-
est in ion transporters actually started with
the structural studies on nonactin, valinomycin,
and alamethicin. This work was inspired by
Professor Max Delbrück, whose interests in
the biophysics of membranes did much to in-
spire me to initiate research on the struc-
ture and dynamics of the bilayer membrane
and the mechanism of ion transport across
membranes.

During the late 1960s Jim Prestegard
worked on the structure of nonactin and tried
to determine the molecular basis of the ion se-
lectivity for K+. Jim carried out ion-binding
studies and concluded that the difference in the
free energy of hydration and complexation of
the naked cation by the nonactin provided the
driving force for the selectivity (80, 81). The
same result was obtained in the case of vali-
nomycin. However, it was generally assumed
that the selectivity was determined by the abil-
ity of the polar C==O and ether oxygen groups
on the transporter to adapt and accommodate
the naked cation. The size of the cation con-
tributed to the selectivity to the extent that it
determined the ability of the macrocyclic lig-
and to adapt and bind to the cation to attain the
optimal free energy of complexation. Ion selec-
tivity was actually determined by the difference
in this free energy of complexation of the naked
cation and the free energy of hydration of the
same cation in the bulk solvent.

When Joseph Falke joined the Chan labo-
ratory, he wanted to work on the anion trans-

porter in the red cell membrane. He asked
me to come up with a biophysical method to
probe the Cl−/HCO3

− exchange, and I sug-
gested 35Cl and 37Cl NMR. Joe Falke exploited
this technique to study the binding of Cl− to
band 3 (38). He prepared ghost membranes
with both the inside-facing and outside-facing
sides of the ghosts exposed to a Cl− solution,
and ghost membranes with either the inside- or
the outside-facing side exposed. Joe was able to
recruit all the sites to one side only by using a
reversible transport inhibitor (37, 39). By using
the arginine-specific reagent glyoxal to mod-
ify the transporter covalently, he argued that
the transport site was an arginine, which was
alternatively exposed to the inside-facing and
outside-facing sides during the transport cycle.
Thus, the anion transport occurs via an alter-
nating transport mechanism, or the ping-pong
mechanism (36). Following up on Joe Falke’s
work, Kathy Kane tried to identify this arginine
transport site on the primary sequence via 14C
radioactive labeling. The band 3 was cleaved
by specific proteases after chemical modifi-
cation, and attempts were made to separate
the transmembrane peptides by reverse phase
hydrophobic column chromatography and to
identify the glyoxal-labeled peptide by scintil-
lation counting. The experiment failed. These
latter studies would have been facilitated by
modern matrix-assisted laser desorption ion-
ization mass spectrometry (MALDI-TOF MS),
but unfortunately for the project, these were
times well before the advent of modern mass
spectroscopy.

Following his success with the band 3 sys-
tem, Joe Falke moved on to the glucose trans-
porter in the red cell ghost. There were many
fewer copies of the glucose transporter in the
red cell (104 copies of the glucose transporter
versus 106 copies of the anion transporter), but
glucose binding and transport were specific to
this transporter. Thus, a substrate-binding as-
say was developed based on changes in the spec-
troscopy of the substrate when it became bound
to the transporter. Joe and Jin Wang exploited
1H NMR nuclear Overhauser enhancement as
an assay for glucose binding (103).
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Particulate Methane Monooxygenase:
A Membrane-Bound Enzyme that
Oxidizes Methane to Methanol

During the early 1990s, Caltech was develop-
ing a program in C-H activation with the goal of
designing a catalyst for the facile conversion of
methane to methanol. As part of this effort, Pro-
fessor Mary Lidstrom, a microbial geneticist
working in the Division of Engineering and Ap-
plied Science at Caltech, and I assembled a team
to try to understand how this chemistry was
carried out by methanotrophic bacteria, which
consumed methane produced in anaerobic sedi-
ments. These bacteria possess enzymes that cat-
alyze the conversion of methane to methanol
using dioxygen as a cosubstrate at ambient pres-
sures and temperatures with high efficiency.
The manner by which this conversion is ac-
complished in bacteria is of great interest to
industrial chemists, as the controlled oxidation
of methane to methanol is a difficult process
in the laboratory, requiring expensive catalysts
operating at high temperatures and pressures.

There are two of these enzymes: the
membrane-bound monooxygenase (pMMO)
and the soluble methane monooxygenase
(sMMO), which are found in the cytoplasm of
certain strains of bacteria. During the 1980s
Professor John Lipscomb of the University of
Minnesota isolated and purified sMMO to ho-
mogeneity (61). Accordingly, Mary Lidstrom
and I decided to focus on the pMMO. Prelimi-
nary evidence for the existence of a membrane-
bound methane monooxygenase was first re-
ported by the laboratory of Professor Howard
Dalton at the University of Warwick (82, 94).
However, the pMMO had resisted both initial
identification and subsequent isolation and pu-
rification for biochemical and biophysical char-
acterization because of its instability outside the
lipid bilayer and its tendency to lose essential
metal cofactors during isolation and purifica-
tion.

Mary Lidstrom was to focus on the molecu-
lar biology, and the Chan laboratory on the iso-
lation, purification, and characterization of the
pMMO from the membranes. Drew Schimke,

pMMO: particulate
methane
monooxygenase

sMMO: soluble
methane
monooxygenase

a postdoc, was recruited to initiate this ef-
fort. One of his first observations was that the
pMMO was an abundant protein in the mem-
branes of Methylococcus capsulatus (Bath) when
this bacterium was cultured under high copper
concentrations in the growth media. Accord-
ingly, some of the properties of the enzyme
could be inferred from physical characteriza-
tion of the membranes obtained under these
conditions.

Soon thereafter, Hoa Nguyen joined the
pMMO project as a PhD student. Together
with Drew, he carried out a detailed study of the
effects of copper concentration on the methane
monooxygenase activity of the membranes iso-
lated from cells of M. capsulatus, and correlated
the specific activity with the level of copper
that was determined to be associated with these
membranes. They concluded that the pMMO
was indeed produced in high levels in the mem-
branes when the bacterium was cultured at high
copper concentration in the growth media, and
that it was a multicopper protein containing as
many as 15 copper ions per 100 kDa (71). From
a quantitative proteomic analysis of bacterial
cells obtained when the bacterium was grown
under copper stress (48), we now know that cop-
per ions are essential for the expression of the
pMMO gene and growth of the organism. Not
only do copper ions serve as a transcriptional
activator of the pMMO gene, but they also en-
hance the expression of all the genes involved
in cellular metabolism, including lipid biosyn-
thesis. In addition, pMMO is a membrane pro-
tein containing high levels of copper ions, and
these coppers are required for protein function
(16).

Toward studying the enzyme in greater
depth, Hoa succeeded in developing protocols
to isolate and purify the enzyme to homogene-
ity despite numerous false starts (69). From
sodium dodecyl sulfate gels of the subunits, Hoa
obtained the N-terminal sequences of the sub-
units, information that was needed to fish out
and clone the pMMO genes (90). Hoa also be-
gan to characterize both the pMMO-enriched
membranes and the purified protein by EPR,
X-ray Cu Kα-edge absorption spectroscopy,
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and SQUID magnetization measurements (69,
70). It was evident from these experiments that
pMMO contained many copper ions and that
some of these copper ions were sequestered into
clusters.

In a groundbreaking experiment carried out
in collaboration with Heinz Floss of the Uni-
versity of Washington and Philip Williams of
the Tritium NMR Facility at the Lawrence
Berkeley Laboratory, we showed that the hy-
droxylation of cryptically chiral ethane pro-
ceeded with total retention of configuration at
the carbon center oxidized (107). This result
suggested concerted oxenoid insertion across
the C–H bond of the alkane, a reaction path-
way distinct from the radical mechanism sug-
gested for the nonheme diiron cluster in sMMO
(61). Mei Zhu and Sean Elliott carried out fur-
ther studies to clarify the regiospecificity and
stereochemistry of the hydroxylation mediated
by the pMMO, extending the substrates to in-
clude propane, butane, pentane, propene, and
1-butene (35). In propane, butane, and pentane,
only the secondary alcohol was produced. Steve
Yu synthesized deuterated chiral butanes and
confirmed that the transfer of the O-atom to the
secondary carbon occurs with total retention of
configuration (112), in accord with a concerted
oxo-insertion mechanism.

I retired from Caltech and moved to
Academia Sinica in Taiwan in the fall of 1997.
Despite my administrative responsibilities, ini-
tially as Director of the Institute of Chemistry,
and subsequently as Vice President of Academia
Sinica, I maintained an active research pro-
gram. The conversion of methane to methanol
by pMMO has been one of the research tar-
gets of the Chan laboratory in Taiwan during
the past decade. During this period, Steve Yu,
Kelvin Chen, Charlie Chen, and others de-
veloped methods to obtain large quantities of
high-quality pMMO that were judged to be ho-
mogenous according to subunit composition,
complement of metal cofactors, and molecu-
lar mass (28, 111). Progress in our work on
pMMO was also facilitated by major techno-
logical advances in the study of proteins since

our work on CcO some 30 years earlier, in-
cluding high-throughput genome sequencing,
bioinformatics, MALDI-TOF MS and ESI MS
(electrospray ionization mass spectrometry) for
proteomics and peptide mass fingerprinting,
and ATR FTIR (attenuated total reflectance
Fourier transform infrared spectroscopy) for
secondary structure determination of proteins
in membranes. Our progress toward under-
standing pMMO structure and function is just
another example of how modern technology
can fuel the advances in basic science.

In-depth studies have now revealed how the
enzyme functions. It was necessary to carry
out the structural and biophysical/biochemical
studies on the enzyme with all the cofactors
intact. In our work, a preparation of the en-
zyme with the full complement of 15 Cu ions
was always used (26). At the active site of this
enzyme is a trinuclear copper cluster (24, 26,
68) that, upon activation by molecular oxygen,
mediates the transfer of a singlet oxene to the
methane at the active site. A recent crystal struc-
ture of pMMO from M. capsulatus did not reveal
a trinuclear copper center in the structure (60),
but the protein preparation on which the crys-
tal structure was based did not possess enzyme
activity. The lesson we can all learn from this
example is that protein isolation and purifica-
tion must be carried out with adequate controls
to ensure the biochemical integrity before we
embark on biophysical and structural measure-
ments. Those of us who conduct biophysical
measurements are often less circumspect about
the quality of the sample than they should be.
Fortunately, in the case of pMMO, it was pos-
sible to reconcile the biochemical/biophysical
data with the crystal structure by introducing
the missing metallic cofactors back into the pro-
tein scaffold (24, 26, 68) (Figure 3).

Using a triad of copper ions to harness a
singlet oxene offers a new mechanism for the
controlled oxidation of an organic substrate
(Figure 4). Analysis by density functional the-
ory of various mechanistic scenarios by Peter
Chen confirmed that the proposed direct sin-
glet oxene insertion mediated by the trinuclear
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Figure 3
Structure of the particulate methane monooxygenase (pMMO) from Methylococcus capsulatus (Bath) with the
active site, consisting of both the three-copper cluster and the hydrocarbon-binding pocket (inset). Figure
taken from Reference 26.

copper cluster offered the most facile path-
way for the alkane hydroxylation (29), and this
mechanism yielded catalytic turnover rates and
1H/2H kinetic isotope effect values in close
agreement with experiment.

The Chan laboratory is now exploiting the
new chemistry toward developing a cheap and
efficient catalyst for the controlled oxidation of
methane and other small alkanes under ambi-

ent conditions of temperature and pressure. A
model trinuclear copper cluster has been de-
signed and synthesized to provide further sup-
port for the ideas derived from the enzyme stud-
ies. Our model trinuclear copper cluster can
mediate facile oxo-insertion across C–C and C–
H bonds in small organic substrates (30). The
same chemistry seems to be operative here as in
pMMO.
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Figure 4
The singlet oxene mechanism for oxene insertion across a C–H bond from a dioxygen-activated trinuclear
copper cluster to methane in pMMO. The harnessed singlet oxene is highlighted in the transition state.
Figure adapted from Reference 29.

RETURN TO A SIMPLER ISSUE:
EARLY KINETIC EVENTS IN
PROTEIN FOLDING

To close out my scientific career, I decided to
return to a simpler issue as well. Before the
protein folding funnel of Peter Wolynes, José
Onuchic, and David Thirumalai (108), I had be-
gun to ask “Why do proteins fold so rapidly in
water?” Small globular proteins fold into well-
defined, three-dimensional structures with bi-
ological function quickly, usually within a few
seconds or less. During the early 1990s, before I
took early retirement from Caltech, I initiated
another project that was subsequently carried
over to Academia Sinica for continuation.

This work was premised on the hypothesis
that the kinetic events that took place during
the early stages of protein folding consisted
of the formation of structural elements, and
that the formation of the molten globule in-
volved the hydrophobic collapse of secondary
structures that were already preformed. To test
this idea, Ron Rock and Kirk Hansen devel-
oped the photolabile caged-peptide strategy
to measure the kinetics of the formation of
different structural motifs (α-helices, β-sheets,
hairpins). The method exploited a photolabile
caged compound based on 3′-methoxybenzoin
to cyclize the N terminus of the peptide to a
side chain to disrupt the secondary structure
(18, 42, 83). To trigger the refolding of the

peptide, the photolinker was cleaved rapidly
(10−10 s) by a light pulse with good yield
(quantum yield 0.6–0.7), and the refolding of
the uncaged peptide was monitored by photo-
acoustic calorimetry. The method allowed us
to observe the refolding of a structural element
at times as early as 10−9 s and over a time span
as long as 10−6 s. Another advantage was that
the refolding process could be observed under
ambient temperature and physiological pH
without the interference from denaturants.

Using this approach, Rita Chen, Joseph
Huang, Nicole Kuo, Howard Jan, Marappan
Velusamy, Chung-Tien Lee, Wunshain Fann,
Jaroslava Miksovska, and Randy Larsen mea-
sured the folding/refolding kinetics of specific
structural motifs, including α-helices, hair-
pins, and β-sheets (31). These experiments re-
vealed that these different structural motifs
form quickly but, more surprisingly, accord-
ing to a hierarchy of well-defined timescales,
that is, a different time window for each type
of structural motif. Moreover, the method was
sufficiently sensitive, enabling them to observe
subtle details in the protein folding (51).

Protein folding begins with a series of local
folding processes driven by different interac-
tions, and they are separated in time accord-
ing to a highly ordered hierarchy. For exam-
ple, when the folding process is driven by the
local turn structure formation, the folding rate
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is much faster than that driven by interstrand
hydrophobic interaction. Thus, α-helices are
formed first, followed by hairpins and β-sheets
with strong turn-promoting sequences, which
are in turn followed by hairpins and β-sheets
that refold via nucleation by hydrophobic in-
teractions. At the outset, local structural pref-
erence is derived from sequence steric hin-
drance, so the conformational space that needs
to be sampled in the search is significantly re-
duced. These events would then be followed by
further hydrophobic collapse of the remaining
hydrophobic residues to form the molten glob-
ule and by subsequent annealing of the pro-
tein toward its global minimum. The global
tertiary collapse needed to form the molten
globule is expected to be slower than the re-
folding of hairpins via hydrophobic nucleation
because the remaining hydrophobic residues
must traverse over longer distances to displace
the water molecules in the tertiary collapse. In
the case of multidomain proteins, chaperones
might be required to keep the domains apart
spatially during this global hydrophobic col-
lapse. On the other hand, for a protein with
a relatively smooth free-energy landscape, the
limit often referred to as minimal frustration,
there would practically be no molten globule
formed, and the structure would collapse to the
native state once the topological fold is identi-
fied. Finally, the subsequent annealing of the
protein is even slower yet, and a number of
folding intermediates might be involved. The
overall process is schematically illustrated in
Figure 5, together with timescales expected for
the various steps.

The early formation of the secondary struc-
ture or structural elements has been advocated
by Baldwin, Englander, and others long ago.
Their celebrated ideas were motivated mostly
on thermodynamic grounds. In the end, fold-
ing pathways are dictated by kinetic consider-
ations. In other words, protein folding occurs
by kinetic channeling. As a kinetically con-
trolled process, the protein follows a pathway of
steepest descent in free energy within the pro-
tein folding funnel without sampling all points
in conformational space in search of the na-

tive state. In this manner, Levinthal’s paradox
is avoided (59).

Because the information regarding the
propensity of a polypeptide toward forming dif-
ferent structural motifs is built into the primary
sequence of a protein, it follows that the details
relating to protein folding are also encoded in
the primary sequence of the polypeptide. This
is a perfect example of how evolution has led
to modularity of structural elements to allow a
protein to fold in an orderly fashion in the oth-
erwise highly complex free-energy landscape,
as suggested by Michael Deem (99).

EPILOGUE

I have had an exciting career. The journey
that ultimately led me to the world of mem-
brane proteins was hardly programmed. It
evolved serendipitously (logically though) from
the chemical physics of simpler systems, from
the dynamic structure of the lipid bilayer to
lipid-protein interactions, to membrane bio-
physics of ion transport, and culminated in the
structure and function of several membrane
protein systems. I have taken advantage of my
training in physical chemistry and modern spec-
troscopy and applied this knowledge to probe
and solve interesting problems in modern bio-
chemistry. As the systems became more com-
plex, I learned how to manage the research
undertaking, how to define a myriad of com-
plex biological problems from scratch without
knowing much about them, and how to formu-
late research strategies to approach the various
issues. The complexity of these problems dic-
tates that progress could only evolve, with the
next generation of experiments building on the
outcome of earlier ones. A problem like pMMO
is so complex that it transcends generations of
coworkers. In academia, and as a research men-
tor, I worked with students and postdocs as
they joined my research group. With limited
research resources, it is not possible to build a
large team and solve problems in a short amount
of time as is done in industry. However, with
a more deliberate pace, it is possible to take
advantage of emerging technologies as they
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Figure 5
Kinetic hierarchy of the events in the folding of a single-domain protein, starting with the formation of the secondary structure to the
formation of the molten globule, followed by thermal annealing of partially folded intermediates to reach the native structure.

develop. I have learned that technologies fuel
the development of basic science, and a certain
key technology can often make the difference.

The bulk of the membrane research accom-
plished at Caltech was supported by the Na-
tional Institute of General Medical Sciences of
NIH. Because my work on membranes evolved
logically from model membranes to proteins in
the cell membrane, I was able to sustain NIH
funding for this project for more than 30 years.
The level of support was adequate to cover most
research expenditures, with the exception of up-
grades of research instrumentation or the pur-
chases of major pieces of equipment. After I
moved to Taiwan, my research program was
funded by Academia Sinica. Although the level
of support was not as high as the NIH support I
had at Caltech, Academia Sinica provided funds
for upgrades of research facilities and the ac-
quisition of state-of-the-art instrumentation as
justified by the research. This capability greatly
accelerated the progress of the scientific work I
conducted in Taiwan.

I have learned much from my graduate stu-
dents, postdocs, and colleagues. In addition,
many people have opened doors for me and
have contributed to the shaping of my scien-

tific career. Many of my colleagues at Caltech
have been inspirational. As many as 200 gradu-
ate students, postdocs, and visitors (I have lost
count) have passed through my laboratory. Un-
fortunately, this brief chapter does not allow me
to mention each and every one.

Many of my former students and postdocs
have gone on to do new science and even open
new areas of research. I am proud of them. But
that’s the way it should be. In retrospect, I like to
think that my style of training students works.
The most important part of doing science is
asking questions, and I taught my students to
ask questions and how to ask questions. With-
out the questions, good or bad ones, there is
no problem to solve. Discoveries in science are
made by asking questions, from following up on
leads, making observations in experiments, for-
mulating hypotheses, and testing them by de-
signing new experiments. The whole process
from hypothesis to truth is often short-circuited
by good intuition, which is, of course, based on
knowledge or sound grounding in fundamen-
tals, knowing what is reasonable and unreason-
able in order to avert blind alleys.

Finally, I like to think that no matter how
complicated biological problems may appear to

22 Chan



ANRV376-BB38-01 ARI 27 April 2009 17:20

be, there is a simple answer to the outcome
when all is said and done. In my view, nature
is intrinsically simple, and it is fun to discover

how the behavior of a complex biological system
is explicable in terms of the laws of physics and
chemistry as we now understand them to be.
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