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Prologue

Preparing an acceptance talk for the ACS Award for
Distinguished Service in the Advancement of Inorganic
Chemistry provided me the opportunity to reflect on the
human side of my professional journey. Subsequently, |
accepted the Editor’s kind invitation to publish these reflec-
tions, in the hope that they will amuse my colleagues and
that they may even hold some meaning for those starting
out on their careers.

From Chemistry Set to Scandinavia

| liked chemistry from the moment my parents bought me
a chemistry set when | was 12. | had a great time dissolving
and mixing the metal salts, watching the resulting colors,
and smelling the smells. My little sister was terrified that |
would blow up the house, but somehow we survived. This
introduction to chemistry was reinforced by Mr. Nicklin, my
enthusiastic high school chemistry teacher. So, when |
enrolled at the University of California at Los Angeles
(UCLA), | majored in chemistry, though | did cast about in
social science courses. | also considered a career in science
journalism, after writing for the college paper, thECLA
Daily Bruin, and serving as its managing editor. However,
the chemistry faculty were very supportive, and | decided
to continue toward the Ph.D.

My favorite undergrad courses had been in analytical
chemistry. So, when | arrived at the Massachusetts Institute
of Technology (MIT) for graduate work, in 1956, | joined
the analytical division, headed by David Hume and Lockhart
(Buck) Rogers. Hume was a great thesis advisor. He left me Thomas G. Spiro was the Eugene Higgins Professor of Chemistry

to do pretty much what | wanted but was always available at Princeton University, and former chair of the Chemistry
with thoughtful advice. Department, before relocating to the University of Washington

. (UW) in 2007. There he enjoys frequent access to twin 2-year-old
Research in the Hume laboratory focused on the measureyrandsons, living in Seattle, and the stimulation of new colleagues

ment of metal complex formation constants. | ChO_Se mixed- at UW. Spiro’s research program focuses on the roles of metal ions
halide complexes of mercury for my thesis. Outside the in biology and the application of vibrational spectroscopy to
laboratory, | took key courses in vibrational spectroscopy problems in biomolecular structure and dynamics. He has also been
from Dick Lord and in group theory from Al Cotton, then a involved in research and teaching in environmental chemistry. He
young turk on the faculty. Cotton’s course gave me my first received a B.S. from UCLA and a Ph.D. from MIT (with David

. . . Hume) and did postdoctoral work in Copenhagen (with Carl
taste of the hot new field of ligand-field theory. When | ggjihausen) and Stockhom (with Lars Gunnar Sillin), before joining

finished my thesis, | won a Fulbright scholarship to study the Princeton University faculty in 1963. In 2004, Spiro received
in Denmark. Hume and Cotton helped to get me a spot with the ACS Award for Distinguished Service in the Advancement of
Carl Ballhausen, who had just returned from Harvard Inorganic Chemistry and the Biophysical Society Founders Award.
He was the Wellcome Visiting Professor in the Basic Medical

* E-mail: spiro@chem.washington.edu. Sciences, at the University of British Columbia, in 1999 and
(1) Spiro, T. G.; Hume, D. NJ. Am. Chem. Sod.961, 83, 4305-4310. received the first BomemMichelson Award in Molecular Spec-
(2) Spiro, T. G.; Hume, D. NInorg. Chem.1963 2, 340—-345. troscopy in 1986.
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University to become the youngest full professor in the
Danish academic world.

In 1960, | set sail for Copenhagen with my bride of 1
year, Helen Handin (one still crossed the Atlantic by ship in
those days). When Ballhausen showed me to my desk, my
new office mate, also just arrived from the U.S., extended
his hand and said, “Hi, I'm Harry Gray”. And so began a
lifelong friendship.

Harry and | read Ballhausen’s classic bdagand Field
Theoryin manuscript, and Harry went on to apply the theory
to a host of interesting compounds. However, after making
a trigonal nickel(ll) complex and analyzing its spectréim,
returned to my roots in complexation constants. Following
1 year of working for Standard Oil in Southern California,
where | could be near my cancer-stricken father, | returned
to Scandinavia, this time to the Stockholm laboratory of Lars
Gunnar Sillen, the capital of complex formation measure-
ments at the time. There | determined hydrolysis constants
for thallium(lll) chloride complexe$.

Princeton and Raman

From Stockholm, | landed a job at Princeton University.
Helen and | moved there in 1963, and our sons Peter and
Michael were born soon after. | was hired as an instructor
in analytical chemistry. Princeton University had a distin-
guished analytical tradition, established by Howell Furman
and Clark Bricker, but lost interest in analytical chemistry
in the 1960s, as did many other schools. Luckily for me, |
could by then pass as an inorganic chemist.

The thallium(lll) chloride complexes | had been studying Figure 1. Raman spectrum of 0.9 M Tigin 1 M HCl and the Carey 81
in Stockholm had irregular stability constants, and | was Raman spectrometer with its mercury arc light sodrce.
curious about their structures. | remembered from Lord’s . ) o )
course at MIT that Raman spectroscopy was a useful well suited to thls_ app_ll_catlon _bec_ause of the low frequencies
structural tool in aqueous solution. Donald Hornig, my a@nd large polarizability derivatives of the metahetal
department chair, had just gone to Washington as Lyndon Stretching vibratons
Johnson'’s science advisor and left behind a Cary 81 Raman
spectrometer, in the care of his graduate student Steve
Kittleberger. The Cary 81 was the pre-laser Cadillac of Raman My stay in Stockholm had been financed by a NIH
spectroscopy and occupied a 5-ft-high metal cabinet (Figure postdoctoral fellowship, which | had won with an application
1). Steve showed me how to load my thallium(lll) chloride that argued the need for understanding the nature of metal
solution into a horn-shaped tube, slip it horizontally into the complexes in biological systems. My arguments at the time
coils of the mercury arc lamp, and then light the lamp with were nave, but this topic did, in fact, become the main theme
a Tesla coil. His jaw dropped as a beautiful spectrum came of my research career. To find out more, | attended the
rolling out of the strip-chart recorder (Figure 3). had Gordon Conference on “Metals in Biology” in 1964, in New
inadvertently chosen one of the strongest Raman scatterersiHampshire. On the first afternoon, | went for a swim in
while he had been toiling away at one of the weakest: solid Squam Lake, and a big guy pulled himself up onto the raft
HF. beside me, stuck out his hand, and said “Hi, I'm Paul

This experience hooked me on Raman spectroscopy. My Saltman”. Thus began another lifelong friendship.
first graduate students took advantage of the Hornig instru-  This was only the second “Metals in Biology” conference,
ment to explore a number of metal complexes, including the and coherence was not its strong point. Paul characterized it
polynuclear hydroxy complexes of bismuth(IflJead(ll),’ as the “EPR spectroscopists” talking with the “pig feeders”,
and trimethylplatinum(IVf with which | had become i.e., nutritionists trying to make sense of the roles of trace
familiar in Stockholm. Their spectra gave evidence of metals in the diet. Paul was one of the latter. Upon
interaction among the metal ions, leading us to explore the discovering that | knew something about metal complexes,
vibrational spectroscopy of metametal bonds in a series  he thrust a paper in my hand that showed that ferric salts in
of metal cluster compounds!®* Raman spectroscopy was the presence of fructose were efficiently absorbed through

Iron Balls and Environmental Chemistry

(3) Spiro, T. G.; Ballhausen, C. Acta Chem. Scand.961, 15, 1707. (10) Spiro, T. G.; Bulliner, P. A.; Quicksall, C. org. Chem1971, 10,
(4) Biederman, G.; Spiro, T. GChem. Scr1971, 1, 155. 13-18.
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(6) Maroni, V. A.; Spiro, T. GJ. Am. Chem. Sod966 88, 1410-1412. (12) Fontal, B.; Spiro, T. Glnorg. Chem.1971, 10, 9—13.

(7) Maroni, V. A.; Spiro, T. GJ. Am. Chem. S0d.967, 89, 45—48. (13) Terzis, A.; Strekas, T. C.; Spiro, T. Gorg. Chem1971, 10, 2617
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Figure 2. 70 A ferric hydroxide particles obtained by HgOaddition to
Fe(NQ)3.15 The line marks Jum.

the intestines. At the time, only ferrous salts were thought
to be taken up.

Paul wanted me to tell him what the ferric fructose
complex was. Fresh from my stay in Stockholm, | advised
him to measure the formation curve via potentiometry. He
looked doubtful but said “If you’re so smart, come to my
lab and do it yourself”. | accepted the invitation, and next
summer | set off for the Saltman laboratory at the University
of Southern California (USC), which provided a nice
opportunity to introduce 8-month-old Peter to both sets of
grandparents in Los Angeles. We set up potentiometers,

Spiro

by a fruitful environmental science collaboration on the
remarkable propensity of many bacteria to coat themselves
with nanoparticulate Mng produced by manganese(ll)
oxidation. We are working on the mechanism of this process,
which appears to involve a multicopper oxidase.

My interest in environmental science began in the politi-
cally turbulent 1970s when my department chair asked if |
could perhaps teach a course that was “relevant”. The first
Earth Day materialized, and issues like DDT, global warm-
ing, and threats to the ozone layer began to seep into the
news. | advertised a course in environmental chemistry and
invited the 20 or so enrollees to accompany me to the library
and research the background of these subjects. The course
attracted the interest of Bill Stigliani, then a postdoc in the
department, who volunteered to help teach it. Bill went on
to a career in environmental science, and he and | eventually
coauthored a textboolChemistry of the Exironment!® |
also became involved with environmental studies university-
wide and helped to establish the Princeton Environmental
Institute, which now includes the Center for Environmental
Bioinorganic Chemistry.

Romance of Raman

Soon after arriving at Princeton University, | obtained a
NIH grant to study biologically interesting complexes using
Raman spectroscopy. The grant included $20K to purchase
a new Raman light source, a 20-mW helitmeon laser that
was being marketed as an attachment to the Cary 81.
Fortunately, faculty colleague George Leroi persuaded me
that this was not a good buy and that we should pool our
resources to build a proper laser-Raman spectrometer, using
the recently published design of Sergio Porto. This design,
soon marketed by the Spex Corp., quickly swept the field,
making the Cary 81 obsolete.

George and his students put together a spectrometer that

prepared electrodes and solutions, adjusted the pH, andvorked well. The Porto design, taking advantage of the

waited for the potentials to settle down. However, they never
did. They drifted for hours, even days. We had rediscovered
ferric hydroxide colloid formation! The same chocolate
brown solutions were formed if we left out the fructose and

laser’s directional property, allowed us to examine colored
samples without losing all of the light to absorption. This
capability, and the availability of several visible wavelengths
from the Art/Kr* mixed-gas laser that we bought, let us

just neutralized ferric salts with bicarbonate. What made theseexplore the resonance Raman (RR) effect, which amplifies

colloids interesting, however, was that electron microscopy
revealed a fairly uniform distribution of spherical particles,
70 A across (Figure 2% This was the same size as the
hydroxyiron core of the iron storage protein ferritin.

Could this be a coincidence? We suggested that ferritin
might form by templated assembly of the protein subunits
around a naturally formed hydroxyiron core. This hypothesis
is almost certainly incorrect. The protein shell is very stable,
and one can load and unload iron into it, most readily via
oxidation and reduction. Still, our work stimulated a good
deal of research on what Harry dubbed “Saltman’s balls”.
The physiological mechanisms of iron uptake and release
are still being worked out.

| spent several enjoyable summers in the Saltman labora-

tory, first at USC and later at the University of California at
San Diego, working on ferric hydroxide colloid stabiliza-
tion.*6 Recently, my interest in metal oxides has been revived

the Raman cross section via coupling of vibrational and
electronic transitions. This effect promised to greatly extend
the utility of Raman spectroscopy, which normally required
concentrated solutions because of low cross sections. There
had been very few experimental studies of resonance
enhancement because of the prelaser difficulties associated
with colored samples. We felt like explorers on a new
continent. Not only could we obtain RR spectra, but we could
also study colored metalloproteins because the spectrum was
dominated by vibrational bands of the chromophore; there
was no interference from the myriad vibrations of the protein
itself, which were unenhanced.

The quest was led by an early group of talented postdocs.
One of the first was Jim Nestor, a master experimentalist
who really got our instruments working and then trained the
rest of the group in their proper use. He built an early CARS
(coherent anti-Stokes Raman spectroscopy) instrument from

(15) Spiro, T. G.; Allerton, S. E.; Renner, J.; Terzis, A.; Bils, R.; Saltman,
P.J. Am. Chem. Sod.966 88, 2721-2726.

(16) Spiro, T. G.; Bates, G.; Saltman,?PAm. Chem. So&967, 89, 5559
5562.
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Figure 3. (Left) Flavin structure and absorption spectrum. (Right) CARS spectra, at two probe wavelengths, of the flavin cofactor in glucose oxidase,
illustrating the complex CARS line shap®sw; is the fixed laser wavelength (nmy, is the scanned laser wavelength (nd)y = w1 — w2 (cm™1), and
was = 2w1 — w3 is the wavelength of the coherent beam generated in the mediumdicand w..

scratch, publishing landmark papers on the application of and the elegant spectroscopic analysis by Harry and by Ed
resonance CARS:?° The appeal of CARS was that the Solomon.
directional character of its signal eliminates interference from /o explored many-colored metalloproteins. In addition

fluorescence, which is the great bar_le of Raman spectroscopyiq the “blue” copper proteins, we studied the type Il dicopper
The catch was that the CARS line shapes are severelygys ~compining RR spectroscopy with extended X-ray
distorted (Figure 3) because of interference from an electronic j,qrvion fine structure analysis, a technique then just
backgrpund signal. Spectral interpretation required a Co.mplexemerging at the Stanford synchrotrénz?
analysig® We abandoned the technique as too unwieldy, ) )
although others have persevered, and the advent of femto- Iron—sulfur proteins became a major focus. Greg Kubas,
second techniques has given great impetus to CARS. one of my first postdocs, took a stab at preparing a model
We were joined by Paul Stein, a talented theorist. Paul €ompound, which turned out to have the nonbiological but
guided us through the interpretation of interesting phenomenaVery interesting structure shown in Figuré®d.ater, when
that we were discovering, such as resonance deenhan&mentDick Holm showed how to prepare proper models with
and antisymmetric Raman scatterffg2* sulfide and thiolate ligation, we compared their RR spectra
Vinny Mizkowski joined us from Harry's laboratory. — With those of the proteins being modeled to decipher protein-
Vinny had an incredible nose for inorganic spectroscopy. Specific effects. Roman Czernuszewicz and Mike Johnson
He correctly deduced that the intense blue color of “blue” led this effort3'~34
copper proteins and the complex RR spectrum they produced
require a trigonal coordination geometry, with an equatorial (26) Brown, J. M.; Powers, L.; Kincaid, B.; Larrabee, J. A.; Spiro, T. G.
cysteinate ligand, and weak axial ligation (Figuré4)his J. Am. Chem. Sod.98Q 102 4210-4216.
work preceded the first crystal structure, by Hans Freeman, (¢7) Larrabee, J. A.; Spiro, T. Gl. Am. Chem. S0d98Q 102 4217~

4223.
(28) Woolery, G. L.; Powers, L.; Winkler, M.; Solomon, E. I.; Spiro, T.

(19) Nestor, J.; Spiro, T. G.; Klauminzer, 8roc. Natl. Acad. Sci. U.S.A. G.J. Am. Chem. S0d.984 106, 86—92.

1976 73, 3329-3332. (29) Nestor, L.; Larrabee, J. A.; Woolery, G.; Reinhammar, B.; Spiro, T.
(20) Dutta, P. K.; Nestor, J. R.; Spiro, T. Broc. Natl. Acad. Sci. U.S.A. G. Biochemistry1984 23, 1084-1093.

1977, 74, 4146-4149. (30) Kubas, G. T.; Spiro, T. G.; Terzis, A. Am. Chem. Sod.973 95,
(21) Stein, P.; Miskowski, V.; Woodruff, W. H.; Griffin, J. P.; Werner, K. 273-274.

G.; Gaber, B. P.; Spiro, T. Q. Chem. Physl976 64, 2159-2167. (31) Johnson, M. K.; Czernuszewicz, R. S.; Spiro, T. G.; Fee, J. A;
(22) Stein, P.; Brown, J. M.; Spiro, T. Ghem. Phys1977, 25, 237— Sweeney, W. VJ. Am. Chem. S0d.983 105 6671-6678.

244. (32) Yachandra, V. K.; Hare, J.; Gewirth, A.; Czernuszewicz, R. S.; Kimura,
(23) Dallinger, R. F.; Stein, P.; Spiro, T. G. Am. Chem. Sod978 100, T.; Holm, R. H.; Spiro, T. GJ. Am. Chem. S0d.983 105 6462—

7865-7870. 6468.
(24) Stein, P.; Jensen, P. W.; Spiro, T. Ghem. Phys. Lett1981, 80, (33) Han, S.; Czernuszewicz, R. S.; Spiro, T.JGAm. Chem. S0d.989

451454, 111, 3496-3504.
(25) Miskowski, V.; Tang, S. P. W.; Spiro, T. G.; Shapiro, E.; Moss, T. (34) Han, S. W.; Madden, J. F.; Siegel, L. M.; Spiro, T.EBochemistry

H. Biochemistryl975 14, 1244-1250. 1989 28, 5477-5485.
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Figure 4. RR spectra of three “blue” copper proteins and Mizkowski’'s model of the activéSsite.

We studied cobalamins, as models for vitamip-B  spore, which was dominated by the spore coat constituent
containing enzyme¥®:3 In the early work, photolysis from  calcium dipicolinate> This spectrum has recently become
the Raman laser precluded studies of the physiologically the basis for promising approaches to detecting anthrax
relevant alkylcobalamins, but later we discovered how to spores.
circumvent this problem using frozen solutions, leading to |t was obvious that even bigger game lay in the ultraviolet
mechanistic studies of important enzynié¥ There was a  region. Taking up the challenge, Rich Rava and Steve Fodor

brief foray as well into molybdenum enzym#s? built an ultraviolet Raman (UVRR) spectrometer, based on
Eventually we went beyond metal centers and investigateda pulsed Nd:YAG laser, with a;Raman shifter, producing
other biological chromophores, including flavifis'? nico- several ultraviolet wavelengt%.The laser was noisy and
tinamide adenine dinucleotidé, and pyridoxal* using slow (10 pulses/s, each 10 ns long), but it worked well
various stratagems to circumvent fluorescence. enough to explore the UVRR spectra of the nucleic acid

In a collaboration with biochemistry colleague Charles bases, singhff and in DNA?8 and the aromatic amino acids,
Gilvarg, we published the first Raman spectrum of a bacterial in and out of proteing?5°

Work continued on nucleic acid$,%® but proteins and

(35) Wozniak, W. T.; Spiro, T. GJ. Am. Chem. Sod973 95, 3402- the amide bond became our major UVRR focus. We studied

(36) Salama, S.; Spiro, T. @G. Raman Spectros&977, 6, 57—60.
(37) Dong, S. L.; Padmakumar, R.; Banerjee, R.; Spiro, T1.@m. Chem. (45) Woodruff, W. H.; Spiro, T. G.; Gilvarg, iochem. Biophys. Res.

Soc.1999 121, 7063-7070. Commun.1974 58, 197-203.
(38) Stich, T. A.; Seravalli, J.; Venkateshrao, S.; Spiro, T. G.; Ragsdale, (46) Fodor, S. P. A.; Rava, R. P.; Copeland, R. A.; Spiro, TIJGRaman
S. W.; Brunold, T. CJ. Am. Chem. So2006 128 5010-5020. Spectrosc1986 17, 471-475.
(39) Kilpatrick, L.; Rajagopalan, K. V.; Hilton, J.; Bastian, N. R.; Stiefel,  (47) Fodor, S. P. A.; Rava, R. P.; Hays, T. R.; Spiro, TJGAmM. Chem.
E. I; Pilato, R. S.; Spiro, T. GBiochemistry1995 34, 3032-3039. Soc.1985 107, 1520-1529.
(40) Pilato, R. S.; Eriksen, K. A.; Greaney, M. A.; Stiefel, E. I.; Goswami, (48) Fodor, S. P. A.; Spiro, T. GI. Am. Chem. S0d.986 108 3198~
S.; Kilpatrick, L.; Spiro, T. G.; Taylor, E. C.; Rheingold, A. 0. Am. 3205.
Chem. Soc1991 113 9372-9374. (49) Rava, R. P.; Spiro, T. @Biochemistryl985 24, 1861-1865.
(41) Dutta, P. K.; Spiro, T. GBiochemistry198Q 19, 1590-1593. (50) Fodor, S. P. A;; Copeland, R. A.; Grygon, C. A.; Spiro, TJGAmM.
(42) Copeland, R. A.; Spiro, T. G. Phys. Cheml986 90, 6648-6654. Chem. Soc1989 111, 5509-5518.
(43) Bowman, W. D.; Spiro, T. GJ. Raman Spectrosd98Q 9, 369— (51) Grygon, C. A.; Spiro, T. GBiopolymers199Q 29, 707—715.
371. (52) Purrello, R.; Molina, M.; Wang, Y.; Smulevich, G.; Fossella, J.; Fresco,
(44) Benecky, M. J.; Copeland, R. A.; Rava, R. P.; Feldhaus, R.; Scott, R. J. R.; Spiro, T. GJ. Am. Chem. S0d.993 115 760-767.
D.; Metzler, C. M.; Metzler, D. E.; Spiro, T. G. Biol. Chem1985 (53) Mukeriji, I.; Shiber, M. C.; Fresco, J. R.; Spiro, T. Bucleic Acids
260, 1671-1678. Res.1996 24, 5013-5020.
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discovered iridium dioxygen complexes, which were the first
reversible nonbiological ©adducts. This was to be Tom’s
thesis, but he soon found that the complexes decomposed in
the laser beam before he could get a spectrum. The NIH
proposal had indicated that we would study biological O
carriers once we had characterized the “simpler” iridium
complexes, and in desperation | suggested that Tom give
hemoglobin (Hb) a try. This experiment too was a failure;
no spectrum was forthcoming.

Just then, Hb expert Chien Ho dropped by the laboratory.
When we told him of our frustrations, he asked how we
prepared our Hb. Tom pointed to a bottle of powdered Hb
from Sigma. Chien shook his head, explained it was probably
oxidized, and gave us the procedure for purifying Hb from
whole blood. In an act of true scientific dedication, Tom
went to our local hospital, had them draw a pint of his own
blood, and purified his own Hb. When he put it in the laser
beam, he was rewarded with a gorgeous RR spectrum, filled
with numerous strong peaks.

We had no idea how to interpret the spectrum, having only
a vague concept of what the RR effect was. However, Tom
found that the peaks shifted when he deoxygenated the Hb.
So, there was clearly chemical information to be deciphered.
The big surprise was that some of the peaks hadvitoag
polarization. Every textbook told us that the intensity ratio
for scattered light polarized parallel and perpendicular to the
incident light was 3:4 (depolarized) or less (polarized).
Instead, we had peaks with much higher ratios, with most
of the signal appearing in perpendicular polarization; cyto-
chromec showed the same effect (Figure 6). | told Tom he
must be mistaken, but he checked the polarizers and stuck
to his guns. Moreover, acting on an idea that the anomalously
polarized peaks might arise from vibrations having rotational
symmetry (Ag in the idealizedD4, symmetry of the heme
the UVRR signatures of tyrosirfé,of histidines556 and of group), Tom worked out the rotational invariants from first

prolines” Peptide studies were extended deep into the principles and showed that their depolarization ratio should
ultraviolet, where amide enhancement patterns and thelindeed be infinite. These modes have antisymmetric Raman

Figure 5. Structure of an early FeS mode(top) and of a Holm-type
model for [2Fe-2S] proteind? (bottom).

dependence on conformation could be worked 5&e. tensors and are normally forbidden but become allowed in

UVRR was also applied to enzyme mechanisms in a steroid '€Sonance; they are a specifically RR phenomenon. Our paper

isomeras® and in thymidylate synthage. on this subjeé® created a stir and brought RR spectroscopy
a good deal of attention.

Porphyrins Proliferate Porphyrin Systematics. The heme RR spectrum is very

An Early Surprise: Anomalous Polarization. What rich, and many students and postdocs were involved in
really got RR spectroscopy off the ground was the discovery SOrting it out, fr(gsm systematization of chemical effects with
of anomalous polarization by Tom Strekas, which we Model hemeS§}®to our first normal-mode analysfs,to
reported in 19783 Among the complexes proposed for study assignment of the important irethistidine stretching mode

under my first NIH grant, | had included the recently in Hb " Band frequencies were correlated with porphyrin
core size#% and we used isotopic substitution to unravel

(54) Hildebrandt, P. G.; Copeland, R. A.; Spiro, T. G.; Otlewski, J.. the contributions from vinyl substitueritsand from out-of-

Laskowski, M.; Prendergast, F. Biochemistry1988 27, 5426-5433. plane modedgt
(55) Caswell, D. S.; Spiro, T. G. Am. Chem. Sod 986 108 6470-

6477.
(56) Wu, Q.; Li, F. B.; Wang, W. X.; Hecht, M. H.; Spiro, T. G. Inorg. (64) Spiro, T. G.; Burke, J. MJ. Am. Chem. S0d.976 98, 5482-5489.

Biochem.2002 88, 381—387. (65) Woodruff, W. H.; Spiro, T. G.; Yonetani, Proc. Natl. Acad. Sci.
(57) Caswell, D. S.; Spiro, T. GI. Am. Chem. Sod 987 109 2796— U.S.A.1974 71, 1065-1069.

2800. (66) Stein, P.; Burke, J. M.; Spiro, T. G. Am. Chem. Sod975 97,
(58) Copeland, R. A.; Spiro, T. Gzed. Proc.1986 45, 1869-18609. 2304-2305.
(59) Wang, Y.; Purrello, R.; Jordan, T.; Spiro, T. &.Am. Chem. Soc. (67) Kincaid, J.; Stein, P.; Spiro, T. ®roc. Natl. Acad. Sci. U.S.A979

1991, 113 6359-6368. 76, 549-552.
(60) Jordan, T.; Spiro, T. Gl. Raman Spectros¢995 26, 867—876. (68) Choi, S.; Spiro, T. G.; Langry, K. C.; Smith, K. M.; Budd, D. L.;
(61) Austin, J. C.; Zhao, Q. J.; Jordan, T.; Talalay, P.; Mildvan, A. S.; Lamar, G. N.J. Am. Chem. S0d.982 104, 4345-4351.

Spiro, T. G.Biochemistryl995 34, 4441-4447. (69) Parthasarathi, N.; Hansen, C.; Yamaguchi, S.; Spiro, TJ.G\m.
(62) Austin, J. C.; Fitzhugh, A.; Villafranca, J. E.; Spiro, T.Bochemistry Chem. Soc1987 109, 3865-3871.

1995 34, 7678-7685. (70) Choi, S.; Spiro, T. G.; Langry, K. C.; Smith, K. M. Am. Chem.
(63) Spiro, T. G.; Strekas, T. @roc. Natl. Acad. Sci. U.S.A972 69, So0c.1982 104, 4337-4344.

2622-2626. (71) Choi, S. H.; Spiro, T. GJ. Am. Chem. S0d.983 105 3683-3692.
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Figure 6. RR spectra of iron(ll) cytochromg with 514.5-nm excitation, analyzed in parallel and perpendicular polariz&t®eaveral bands show inverse
polarization (ip), whereas the, band of the SG#~ internal standard is completely polarized.

Assignment of the numerous porphyrin vibrations was a from porphyrin distortion. These modes became important
continuing preoccupation. Jim Kincaid, Roman Czernusze- in our subsequent work on the mechanism of metal insertion
wicz, and Xiao-yuan Li systematically determined isotope via porphyrin distortion in ferrochelatas&s?°
shifts for a series of porphyrins, and Xiao-yuan did a heroic  Rgagicals, Excited States, and Energy ConversiorEarly
normal-mode analysis in order to construct a consistent o e found Martin Gouterman'’s four-orbital model of the
porphyrin force field that accounted for all of these data, porphyrin electronic structure to provide a satisfying expla-
including the out-of-plane modé3® The force field was  npation of the porphyrin resonance enhancement p&tiana
used to investigate the systematics of the porphyrin structureporphyrin radical catich and aniof?#3 formation. Oxo-
and vibrational frequencies. metal porphyrins, relevant to peroxidase intermediates, were

Soon after, however, the ab initio density functional theory also characterized, in collaboration with colleague Jay
(DFT) era dawned, and we found that the normal modes of Groves?* Later we studied RR spectra of porphyrin and
nickel porphiné® and NiTPP’ were better reproduced by chlorin excited state®; 87 with an eye toward modeling
DFT than by our painfully refined empirical force field. RR  photosynthetic reactiorf8.
intensities were also computétiand we explored the  This work dovetailed with a developing project on
important issue of out-of-plane mode enhancements resultingynotoelectrochemical solar energy conversion, using elec-
trochemically polymerized films of vinyl-derivatized ruthe-

(72) Li, X. Y.; Czernuszewicz, R. S; Kincaid, J. R.; Su, Y. O.; Spiro, T.  nium tris(bipyridine}" & and of protoporphyrif® Photo-
G.J. Phys. Chem199Q 94, 31—47.
(73) Li, X.Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Stein, P.; Spiro, T. G.

J. Phys. Chem199Q 94, 47—61. (79) Venkateshrao, S.; Yin, J.; Jarzecki, A. A.; Schultz, P. G.; Spiro, T. G.
(74) Hu, S. Z.; Mukherjee, A.; Piffat, C.; Mak, R. S. W.; Li, X. Y.; Spiro, J. Am. Chem. So2004 126, 16361+16367.

T. G. BiospectroscopyL995 1, 395-412. (80) Blackwood, M. E.; Rush, T. S.; Romesberg, F.; Schultz, P. G.; Spiro,
(75) Prendergast, K.; Spiro, T. @. Am. Chem. Sod.992 114, 3793~ T. G. Biochemistryl998 37, 779-782.

3801. (81) Czernuszewicz, R. S.; Macor, K. A,; Li, X. Y.; Kincaid, J. R.; Spiro,
(76) Kozlowski, P. M.; Rush, T. S.; Jarzecki, A. A.; Zgierski, M. Z.; Chase, T. G. Abstr. Pap—Am. Chem. Sod 988 196, 200-INOR.

B.; Piffat, C.; Ye, B. H.; Li, X. Y.; Pulay, P.; Spiro, T. Gl. Phys. (82) Lin, C.Y.; Hu, S. Z;; Rush, T.; Spiro, T. @. Am. Chem. S0d.996

Chem. A1999 103 1357-1366. 118 9452-9453.
(77) Rush, T. S.; Kozlowski, P. M.; Piffat, C. A.; Kumble, R.; Zgierski, (83) Prendergast, K.; Spiro, T. @. Phys. Chem1991 95, 9728-9736.

M. Z.; Spiro, T. G.J. Phys. Chem. B00Q 104, 5020-5034. (84) Czernuszewicz, R. S.; Su, Y. O.; Stern, M. K.; Macor, K. A.; Kim,
(78) Kumble, R.; Rush, T. S.; Blackwood, M. E.; Kozlowski, P. M.; Spiro, D.; Groves, J. T.; Spiro, T. GI. Am. Chem. S0d.988 110, 4158~

T. G.J. Phys. Chem. B998 102, 7280-7286. 4165.
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chemical efficiencies were low for these films, and we T e
decided to test the efficacy of covalently attached donor
groups in extending the lifetime of charge-transfer states in
cobalt(ll) porphyrins, hoping to generate, Mia the tran- ]
siently formed cobalt(l). However, picosecond spectral 284
studies on these constructs revealed that the hoped-forg
charge-transfer states were short-circuited by low-lyingld
state!

Heme Protein Menagerie.We branched out into heme
proteins other than Hb. Songzhou Hu carried out complete
assignments of the complex RR spectra of cytochrafie
and of myoglobif# via isotopic labeling. Peroxidases were
studied intensiveRf%¢ especially by Giulietta Smulevich,
who made them the base of her subsequent research career.

rees

CO direction (&)

N
=
1

Tiltangle (t)

Angle (deg

143

] Transition Dipole ()
73

The peroxidases revealed complex patterns ef E® and e
CO stretching modes in the carbonyl adducts, and we carried 00 01 02 03 04 05 06 07 08 09 10 11 12 13
out many studies to understand the systematics of these Oxygen displacement d (in angstroms)

indicator mode$/-°® demonstrating that the observed varia- Figure 7. DFT computation of the heme € O transition dipole direction
tions in many heme proteins and models reflected back- along a minimum-energy distortion coordinate (bendilt), showing the
bonding changes associated with electrostatic influences in!R-determined angle to be consistent with modest distoffibn.
the heme pocket and not geometric distortion, as had been
initially supposed. This led us directly into the longstanding the NO sensor, soluble guanylyl cyclase, we helped estab-
controversy over whether proteins control the CO affinity lished that NO binding induces dissociation of the proximal
by sterically hindering the upright binding of CO to the heme. histidine ligand:®* We also work out the mechanism and
Pawel Kozlowski was able to resolve a conflict between the dynamics of CO activation of the transcription factor
crystallographers, who found modest bending of the FeCO C00A!%>*%and the mechanism of CO inhibition of the heme-
unit, and the IR spectroscopists, who insisted that the FecOcontaining metabolic enzyme cystathionjfiesynthasé®
unit was essentially linear. He showed via DFT calculations
that the IR transition dipole was not collinear with the CO
bond vector and that the angle allowed by the IR measure-
ments was actually consistent with the crystal structures h
(Figure 7)?° Nevertheless, the energy required for modest
bending was found to be low, and analysis of kinetic and
equilibrium data showed that ligand discrimination by the
distal histidine in myoglobin is almost entirely due to a
stronger hydrogen bond to,@han to CO

Our attention has recently shifted to heme sensor proteins,
in which ligand binding to heme controls the enzyme activity
or DNA binding at another site in the protein. In the case of

A Little Heme RR Lesson

Some background may help the reader appreciate why
eme protein RR spectra are endlessly fascinating, and
occasionally even useful.

Nature has done spectroscopists a great favor by choosing
heme as a cofactor in myriad proteins. The tgorphyrin
complex absorbs visible light intensely, making heme
proteins easy to monitor with absorption spectroscopy. In
addition, they provide high-quality RR spectra because
resonance enhancement scales with chromophore absorptiv-
ity. One can record strong RR signals at heme concentrations
(85) Blackwood, M. E.: Kumble, R.. Spiro, T. G. Phys. Chem1996 of 10uM and below. Lasers are readily available in the 400-

100, 18037-18041. nm region, near resonance with the Soret electronic transition
(86) Kumble, R.; Loppnow, G. R.; Hu, S. Z.; Mukherjee, A;; Thompson,  that gives rise to the intense absorption. Also, fluorescence,

@) v zp'lrzo.’ g&)g;n' rjhés.' F(i?;:rr]’rﬂggé .ggia‘r’ciev%fflﬁ' E.. spiro, 7, the bane of Raman spectroscopists, is efficiently quenched

G. Inorg. Chem.1997, 36, 764—769. by the iron ion, whose low-lying €d transitions rapidly

(88) Eads, D. D.; Moser, C.; Blackwood, M. E.; Lin, C. Y.; Dutton, L.;  depopulate the excited state. Finally, the heme group has
Spiro, T. G.Biopolymers200Q 57, 64—76. i i ; i i i _

(89) Ghosh, P. K. Spifo. T. Gl. Electrochem. Sod 981, 128 1281 high symm_etry, making vibrational assignments straightfor
1287. ward, despite the large number of atoms.

(90) Macor, K. A; Su, Y. O.; Miller, L. A.; Spiro, T. Glnorg. Chem. Small wonder, then, that the literature is replete with RR

1987, 26, 2594-2598.

(91) Loppnow, G. R.; Melamed, D.; Hamilton, A. D.; Spiro, T. & Phys. spectra of all sorts of heme proteins.

©2) Chem.1993 97, 8957-8968. A ) How Resonance Enhancement Works for Heme-dow-
92) Hu, S. Z.; Morris, I. K.; Singh, J. P.; Smith, K. M.; Spiro, T. G. i i ia”
Am. Chem. S0 093 115, 1244612458, ever, what mformat.lon do these spegtra .prowde.
(93) Hu, S. Z.; Smith, K. M.; Spiro, T. GI. Am. Chem. Sod.996 118 The answer requires a brief excursion into Raman theory
12638-12646. and the heme electronic structure.

(94) Rakshit, G.; Spiro, T. GBiochemistryl974 13, 5317-5322.
(95) Smulevich, G.; Evangelista-Kirkup, R.; English, A.; Spiro, T. G.

Biochemistry1986 25, 4426-4430. (101) Dierks, E. A.; Hu, S. Z.; Vogel, K. M.; Yu, A. E.; Spiro, T. G;
(96) Evangelista-Kirkup, R.; Smulevich, G.; Spiro, T.Bochemistryl986 Burstyn, J. N.J. Am. Chem. S0d.997 119 7316-7323.

25, 4420-4425. (102) Coyle, C. M.; Puranik, M.; Youn, H.; Nielsen, S. B.; Williams, R.
(97) Li, X. Y.; Spiro, T. G.J. Am. Chem. S0d.988 110, 6024-6033. D.; Kerby, R. L.; Roberts, G. P.; Spiro, T. G. Biol. Chem2003
(98) Ray, G. B.; Li, X. Y; Ibers, J. A,; Sessler, J. L.; Spiro, T.I5Am. 278 35384-35393.

Chem. Socl1994 116 162-176. (103) lbrahim, M.; Kerby, R. L.; Puranik, M.; Wasbotten, I. H.; Youn, H.;
(99) Spiro, T. G.; Kozlowski, P. MJ. Am. Chem. S0d.998 120 4524~ Roberts, G. P.; Spiro, T. G. Biol. Chem2006 281, 29165-29173.

4525. (104) Puranik, M.; Weeks, C. L.; Lahaye, D.; Kabll,;@aoka, S.; Nielsen,
(100) Spiro, T. G.; Kozlowski, P. MAcc. Chem. Re2001, 34, 137~ S. B.; Groves, J. T.; Banerjee, R.; Spiro, T.J5Biol. Chem2006

144. 281, 13433-13438.
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When the exciting light is tuned to an electronic transition, _
certain Raman peaks are enhanced selectively. They arise 392 NiOEP
from vibrational motions, which shift the chromophore . 0
geometry toward that of the excited state.

Near an electronic resonance, the Raman polarizability
(proportional to the square root of the intensity) can be
expressed as

a=A+B Q) W
=2
where @
3
A=uly FJ(Av, +iT,) ) :
and
B =gty FJ(Av, +iT) @3)
v l
In these equationgyv, is the detuning interval, the difference r ]H||||I ,QO
between the laser energy and the energy of a vibrational level, 350 400 450 500 550 600

v, with bandwidth T',, in the electronic excited state. A (nm)
Resonance occurs ds, approaches zergi. is the dipole Figure 8. Absorption spectrum of NiIOEP (OEP octaethylporphyrin)
moment of the electronic transition, ang is its derivative and its interpretation via Gouterman’s four-orbital mo¥&IThe g — &y,

- . - - - &y orbital excitations (labeled 1 and 2), being of the same symmetjy (E
anng the vibrational coordinatéQ, associated with the and nearly degenerate, interact strongly, with the transition dipoles adding

Raman band being monitored. For strong tranSiti%5i§ up for the intense B transition at 392 nm and nearly canceling for the weaker
much larger thamu;, and consequently th& term domi- Qo transition at 552 nm. About 10% of the B band intensity is borrowed

nates the Raman spectrum. TRéerm becomes important by the Q transition, producing the;Qibronic side band of 516 nm, above

in resonance with a weak transition Whﬂpcan become Qo by ~1300 cnt?, the average frequency of the vibronically effective
L modes (figure from ref 133).

larger thanu. u; depends on mixing of the resonant (figu )

transition, e, with an allowed transition, s (called the vibronic

or Hertzberg-Teller coupling) of the porphyrin ring), to a degenerate pair of lowest

unoccupied molecular orbitals*€see Figure 8). These two
= uJ3dH/dQled(v, — v) () pairs of excitations give rise to two degenerate electronic
transitions, E, which undergo configuration interaction. The

and becomes large when the two electronic transitions arelransition dipoles add up for the higher transitiqn and nearly
close in energy. cancel for the lower one; they cancel exactly if and a,

The vibrational selectivity of resonance enhancement is have H;se same energy. This is Gouterman’s four-orbital
contained in the factor§, and F,, which are products of model’® and it explains the characteristic porphyrin absorp-

vibrational wavefunctions (FranekCondon integrals) be-  tion spectrum, with its very strong400-nm band, called

tween the ground and excited states. They are Soret or B, and its much weaker550-nm band, called
or Q. Some of the cancelled intensity (about 10%) can be
F, = [1]v3|00 (5) “stolen” back from the B to the Q transition, via vibronic

mixing, producing a~500-nm vibronic sideband, callgdl
where 0 and 1 are the wavefunctions of the zeroth and first or Qu.

vibrational levels of the ground state ants any vibrational Gouterman’s model also explains the intensity pattern of
level of the excited state. the heme RR spectra, which vary strongly with the laser
) wavelength. This variation allows a clear analysis of the

F, = Qo004 [1|»12|Q|00 (6) porphyrin vibrations, despite the great complexity of the

i _ . molecular structure. Even if we ignore (for the moment) the
A nonzero value folF, requires the excited-state potential 5yxia| |igands and the peripheral substituents on the heme
surface to shift along the vibrational coordinate, and this is (counting only the C atoms attached directly to the ring;
only possible for modes that carry the full symmetry of the Figure 8), the heme group still has 37 atoms and 105 normal
molecule (totally symmetric modes). Howevét, selects  modes of vibration (3N-6). However, only nine of these are
for modes that mix the e and s states, and these haveyty|ly symmetric (Ag). They are the ones that dominate RR
symmetries contained in the direct product of the e and Sspectra when the laser wavelength is near 400 nm, in
transition symmetries. Thus, a resonance with strong elec-resonance with the B electronic transition (Figure 9). Their
tronic transitions is dominated by totally symmetric modes, gepolarization ratio (intensity ratio for scattered light polar-

but a resonance with weak transitions can bring out nontotally jzeq perpendicular and parallel to the laser polarization) is
symmetric modes. 1:

The heme chromophore illustrates these principles beauti-
fully. The visible-region electronic transitions are based on (105) Gouterman, M. Optical Spectra and Electronic Structure of Porphyrin

m-orbital excitations from close-lying highest occupied and Related Rings. Ifihe PorphyrinsDolphin, D., Ed.; Academic:
molecular orbitals, a and a, (in the idealized4, symmetry New York, 1979; Vol. 3, Part A, pp1156.
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spectra, some parallel intensity is observed because the

hex = 406.7 nm % ; o symmetry is not fullyD4,. Depolarization ratios are never-
p modes NiOEP T T 8 theless>3:4, and the bands are calladlomalouslypolar-
. ized.)

33 - R A,y mode activity is purely a resonance phenomenon.
£ 38 3 e £ These bands disappear off-resonance. The reason is that the
5* | e z, e 2 individual terms in the summation of eq 3 change signs as

18 g the laser sweeps througtyv, = 0, and successive terms can

I add or subtract. Because of tensor antisymmetry, adjacent
+ terms add for A; modes when the laser is tuned between
them but subtract when the laser is tuned away from them.
Thus, the intensity cancels off-resonance. The opposite
happens for B and By modes, whose tensors are symmetric
(xy = yX). Their intensity is minimized between resonances
but survives off-resonance. These opposite tendencies permit
tuning of the laser to selectively enhancg 8r B1ggmodes,
[ as is illustrated in Figure 9.
L Because of these symmetry effects, the RR modes of the
heme group have been thoroughly catalog#giSymmetry
greatly simplifies the spectra and allows reliable mode
identification. It also hides information, however. Many of
the 105 modes do not appear in the RR spectra at all. A
total of 54 of them are “u” modes and are IR but not Raman
active. They have been assigned from IR spectra of metal-
loporphyrins, but IR spectroscopy is severely limited for
heme proteins by the strong IR absorption of water and of
interfering protein modes. There are also out-of-plane modes
Raman shift cm") (some “u” and some “g”), which are not resonance-enhanced,
Figure 9. RR spectra in parallel|) and perpendicular{) scattering for beca!"_se they_ cannot cogple . to the resonant electronic
NiOEP73 showing the selective enhancement of different modes with transitions, which are polarized in the heme plane. However,
different excitation wavelengths. Resonance with the B absorption band some “u” modes, both in-plane and out-of-plane, do appear
(406.7 nm) enhances mainly polarized bands, arising from totally symmetric jn heme RR spectra because of symmetry-lowering
modes, Ay, although appreciable enhancement is also seen for-Jegiter effects?-731%These can arise from the intrinsic asymmetry

active By modes (seeo andv11), which are depolarized. Resonance in . . . T
the Q-band region enhances depolarizeg, @d By and anomalously of the porphyrin substituents, asymmetry in the axial ligands,

polarized (Ag) modes and is effective in vibronic mixing of the Q and B out-of-plane distortions of the porphyrin ring, and electro-
electronic transitions. Due to interference effects, tagmodes are brought static asymmetry of surrounding residues in proteins.
out most strongly via excitation betweer ghd Q (530.9 nm), while the Porphyrin RR Bands Report Iron Stereoelectronics.

B1g and By modes are brought out more strongly with excitation outside . . .
the Q bands (568.2 nm). The mode labelgefer to porphyrin skeletal Although the heme RR bands arise from vibrations of the

modes!3 modes assignable to the ethyl substituents are also seen, asporphyrin ring, they ne_VGVthe|eSS are sensitive tO."gation
indicated (figure from ref 133). changes at the central iron. Early on, it was recognized that
. : . frequency shifts in several modes were linked to changes in

When the laser is tuned to the Q bands, entirely different theq oxidgtion and spin state of the iréh.The maigr]1

modes become dominant (Figure 9). They are the vibroni- mechanism for this chemical sensitivity turned out to be
cally active modes, the same ones that produce the Q gyetching of the porphyrin bonds to accommodate changes
absorption intensity. Because the B and Q transitions bothjp, the iron size and its displacement from the center of the

have_E symmetry, the symmetries of the vibronic modes ring.589The porphyrin ligand-field strength is poised so that

are given by the Fd or Fé'' spin state is tuned by the axial ligands. In
_ heme proteins, one of the axial ligands is usually imidazole

EE,=A,,tA,,+B,+B 7 S - : .
utu Mg T Th2g L Tlg T T2g 0 (histidine side chain), although thiolate (cysteine), thioether
However, the Ay vibrations are ineffective in vibronic ~ (methionine), and amine (lysine or the protein N terminus)

mixing because of the high molecular symmetry, and the are a_Iso encountered. If the sixth ligand is strong—ﬁeld
remaining modes dominate the Q-resonant spectra. Depo<{¢yanide, thioether, or, for Fe¢CO, NO, and ? the iron
larization ratios are 3:4 for § and By, bands but infinite 1S 10w-spin and the d electrons (5 and 6 for'Fand F€)
(inversepolarization) for A4 bands. Inverse polarization is @€ all inzz-bonding orbitals g). However, if the sixth ligand
the unexpected effect discovered by Strekas in our first study!S Weak (HO or F7) or absent, the iron is high-spin, and
of hemoglobin and cytochrome (although it had been ~ ON€ electron occupies each of theantibonding orbitals,
predicted in a footnote by Placzek in 193#®)Textbooks  |e€ngthening the bonds and expanding the porphyrin ring. If
had asserted that nontotally symmetric modes all have [3:4] the sixth ligand is absent, the iron is displaced toward the
depolarization ratios, but this is clearly not true fop,A  111th ligand, partly relaxing the ring expansion.

modes. The reason is that they have rotational symmet)y (R 1 he ring-size dependence of several porphyrin bands has
and antisymmetric polarizability tensorscg = —yx). They been calibrated with metallopophyrins of known strucféfé,
literally rotate the plane of polarization, and all of the (106) Li, . v.; Czeruszewicz, R. S.; Kincaid, J. R.; Spiro, T.J5AM.
intensity is found in perpendicular scattering. (In actual Chem. Soc1989 111, 7012-7023.
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and the data for heme proteins fall quite predictably on these
correlations. Thus, the positions of these “spin marker” bands
are routinely used to monitor the ligation status of the heme
group.

The strongest band in Soret-resonant RR spectra, desig-
nated a4, was early recognized as a marker of the oxidation
state, having characteristic narrow ranges fdt kad Fé,
regardless of spin statéThe reasons for this behavior are
complex, involving counterbalancing influences of the ring
size and ofr bonding. For CO, NO, and £adducts of F&
the v, position is close to that of Mebecause substantial
charge is transferred to theseacid ligands via back-
bonding. Because, is intense, it serves as a useful monitor
of ligation for these adducts.

Axial Ligands Report Protein Influences. Because the

axial ligand bonds are perpendicular to the heme ring, their :H

A =229 nm

€XC

pH74

1011 W16

1550 W3(b37)
1615 Y8a

1511 2xW18

| (a)-(b)x 5 :

vibrations are not normally detectable in RR spectra because
the resonant electronic transitions are polarized in the plane
of the ring. However, there are important exceptions.

Because of back-bonding, the vibrations of bound XO (X
= C, N, O) are resonance-enhanced. T@rbitals on XO

compete with those on the porphyrin ring{lefor back- . 10. UVRR tra of Hb in () d Ty and (b) €O R) §
; i ati ; igure 10. spectra o in (a) deoxy (T) an orms.
donation of the Fe fdelectrons. Excitation of the porphyrin The difference spectrum (c) shows tyrosine (Y) and tryptophan (W) signals,

z—z* transitions weakens the porphyrin but strengthens XO pich are associated with hydrogen-bond changes between the T and R
back-bonding. Consequently, there is a shift of the excited- quaternary structuréd?

state potential along FeX and X—0 stretching coordinates.

The RR bands associated with-F¢ and X—O stretching vibration is not resonance-enhanced, but five-coordinate iron-
have proven to be valuable probes of protein interactions (I1) heme is an exception, and irefhistidine RR bands have
with the heme, especially for CO adduétéThe extent of ~ been reported for many heme proteins in this state. The
back-donation is sensitive to the electrostatic influence of displacement of Fetoward the heme plane when this bond
polar residues in the heme pocket. Positive polarity increasesis stretched evidently shifts the excited-state potential enough
back-bonding, while negative polarity decreases it, with to produce appreciable enhancement, The position of this
anticorrelated changes in the positions 1efx and vxo; vibration reflects the strength of the irehistidine bond,
increased back-bonding strengthens the-Kebonds and  which is variable among heme proteins, and is an important
weakens the XO bonds. A series of myoglobin variants determinant of the heme chemistry.
with distal residue replacements have provided a standard There are many more strands in the heme protein RR
back-bonding correlation for CO adduéiwhich has been  fapric, which can be found in the cited literature. For now,
much used in assessing distal influences in other proteins.ye return to the story of the Princeton Raman program.

NO adducts have seemed not to follow this patf&n.©
but recent computational modeling has revealed that the The Time Dimension
complexity apparent in the NO data results from the o )
ambidextrous nature of hydrogen bonding to the bound When Woody Woodruff joined the group, he had a burning
NO.!1! Because FENO is bent, with a partially filled ambition, which he has pur_sued _throug_hout hls_ res_earch
nonbonding (sp) orbital on N, hydrogen bonds can be stably career, namely to adc_i a time d|menS|qn to vibrational
formed with either N or O, despite the greater charge on O. SPectroscopy. He realized that harnessing the structural
H---O bonds produce increased back-bonding, with anticor- specificity of RR spectroscopy to kinetic studies would form
relation of Fe-N and N-O bond strengths, but+N bonds a powerful combination.
weaken both FeN and N-O bonds by drawing more At the time, we had no pulsed lasers to provide time
electron density into the 3mrbital. Which end forms the  resolution. So, Woody constructed a flow system with a dual
hydrogen bond depends on the geometry of the hydrogen-syringe pump and aimed the Raman laser downstream of
bond donor in the heme pocket, an effect that is apparent inthe mixing chamber to produce a spectrum of horseradish
the vibrational data. peroxidase compound Il, the second intermediate of the

Another important RR band is that associated with the peroxide reactioA!? Soon we used Jim Nestor’s pulsed-dye
bond to the proximal ligand, the only bonding connection laser CARS apparatus to show that that the iron atom was
between the heme and the prot&itUsually the associated displaced from the heme plane within 6 ns after photolysis
of the CO adduct of HB!® Later we pressed the time
(107) Spiro, T. G.; Wasbotten, I. H. Inorg. Biochem2005 99, 34—44. resolution of this experiment into the picosecond regime

(108) Vogel, K. M.; Kozlowski, P. M.; Zgierski, M. Z.; Spiro, T. Gl. using a rapid-flow techniqé& and, subsequently, the HbCO
Am. Chem. Sod999 121, 9915-9921.

(109) Coyle, C. M.; Vogel, K. M.; Rush, T. S.; Kozlowski, P. M.; Williams,
R.; Spiro, T. G.; Dou, Y.; Ikeda-Saito, M.; Olson, J. S.; Zgierski, M.~ (112) Woodruff, W. H.; Spiro, T. GAppl. Spectroscl974 28, 576-578.

1000 1200 1400 1600
Raman Shift [cm!]

Z. Biochemistry2003 42, 4896-4903. (113) Dallinger, R. F.; Nestor, J. R.; Spiro, T. &.Am. Chem. S0od978
(110) Ibrahim, M.; Xu, C.; Spiro, T. GJ. Am. Chem. SoQ006 128 100, 6251-6252.

16834-16845. (114) Terner, J.; Spiro, T. G.; Nagumo, M.; Nicol, M. F.; Elsayed, M. A.
(111) Xu, C.; Spiro, T. G. Submitted for publication, 2007. J. Am. Chem. S0d.98Q 102, 3238-3239.
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Figure 11. Colleagues of Thomas G. Spiro.

photoproduct was characterized more fully with the 7-ns Nd: were carried out with a new time-resolved Fourier transform
YAG laser that we acquired for UVRR studi&s. IR spectrometet??123

Truly time-resolved RR spectroscopy on the nanosecond The excimer lasers helped us to produce important results,
time scale became possible with the acquisition of a secondbut they were difficult to operate and broke down frequently.
pulsed laser, which could be delayed electronically. We We switched to a solid-state system, with Nd:YLF-pumped
realized that ultraviolet excitation would enable us to study Ti:sapphire lasers, whose frequency could be shifted into the
protein dynamics by spatial reference points, in the form of blue and ultraviolet regions via harmonic generation in
the aromatic residues. Inititial attempts to do this on Hb led mixing crystals. The lasers are stable and operate at 1-kHz
us astray:the signal-to-noise ratio of our 10-Hz Nd:YAG  repetition rates, producing spectra of superior quafityve
lasers was just not up to the takThe situation improved ~ Wwere able to sharpen the structural interpretation of the Hb
dramatically when we traded up to 300-Hz XeCl excimer- time course and found an important new intermediate on the
dye lasers. Kent Rodgers implemented this system andPathway?>We examined site-directed mutants designed to
introduced key sampling improvementé.The resulting  test our pathway model and came up with exciting new
difference spectra were su_ff|C|entIy resolved (Flgure_ 10) to (118) Rodgers, K. R Su. C.. Subramaniam. S. Spiro. T1.@m. Chem.
allow structural interpretation, and subsequent studies pro- S0c.1992 114 3697-3709.
duced the first structural model for the allosteric pathway (119) Jayaraman, V.; Rodgers, K. R.; Mukerji, I.; Spiro, T Siencel 995

connecting the R and T stat&8:121 Complementary studies 269,1843-1848. . .
(120) Hu, X. H.; Spiro, T. GBiochemistry1997, 36, 1570+-15712.
(121) Wang, D. J.; Spiro, T. Biochemistryl998 37, 9940-9951.
(122) Hu, X. H.; Frei, H.; Spiro, T. GBiochemistry1996 35, 13001
13005.
(123) Chen, R. P.; Spiro, T. G. Phys. Chem. 2002 106, 3413-3419.
(124) Balakrishnan, G.; Hu, Y.; Nielsen, S. B.; Spiro, T.Appl. Spectrosc.
2005 59, 776-781.

(115) Dasgupta, S.; Spiro, T. ®iochemistryl986 25, 5941-5948.

(116) Dasgupta, S.; Copeland, R. A.; Spiro, T.J5.Biol. Chem.1986
261, 960-962.

(117) Su, C.; Park, Y. D.; Liu, G. Y.; Spiro, T. @. Am. Chem. S0od989
111, 3457-3459.
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results, implicating dynamic cooperativity at the level of technique is particularly promising as a way to characterize
subunit dimers within the tetrameric structd?&!2’Our old local unfolding events that may play an important physi-
friend Hb continues to surprise and delight us. ological role in protein function.

Our new laser technology provides access to the deep
ultraviolet, where amide bands of the protein backbone are €0da
optimally enhanceéf® Gurusamy Balakrishnan proposed that  Thjs brief account has braided the main strands of the
we look at protein folding via laser-induced temperature yesearch program that | have been privileged to pursue. |
jumps. TheT-jump technique allows access to the early have pushed and pulled stories of our many projects into a
events of protein folding and unfolding and had been applied semplance of a narrative. Research, like life, is seldom
with fluorescence and IR monitoring of the relaxations, but straightforward, and my attempt to provide some coherence
UVRR spectroscopy promised multiple structural probes via tg the story required leaving out many side strands, some of
the several amide and aromatic residue bands. Bala negotithem quite interesting in their own right, projects launched
ated the design of a novel Nd:YLF-pumped OPO laser, and, for a variety of reasons, not pursued very far. Likewise,
operating at 1 kHz, to match our ultraviolet probe 1a$er.  gjthough | have named a few of the players in our research
The system worked beautifully, and we have been applying grama, the narrative leaves out many individuals who
it to a series of peptide and protein-folding issti€s:*?The  contributed importantly to the program over the years; some
of their work is cited in the references.
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(127) Kneipp, J.; Balakrishnan, G.; Chen, R. P.; Shen, T. J.; Sahu, S. C; the lifeblood of the program and have p'tChed n together,
Ho, N. T.; Giovannelli, J. L.; Simplaceanu, V.; Ho, C.; Spiro, T. G.  era after era, to make the laboratory work and keep morale
J. Mol. Biol. 2006 356 335-353. high. | have watched with pleasure as they pursue indepen-

(128) ;O%%”g%czz;;iz%gakris*]”a”' G.; Spiro, T. &.Raman Spectiosc.  gent paths in science and in life. They are my extended

(129) Balakrishnan, G.; Hu, Y.; Spiro, T. @ppl. Spectrosc200§ 60, family.

347-351. | list their names in Figure 11 in thanks and appreciation.
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