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Abstract

Glucose modifies the amino groups of proteins by a process of non-enzymatic glycation, leading to potentially
deleterious effects on structure and function that have been implicated in the pathogenesis of diabetic complications.
These changes are extremely complex and occur very slowly. We demonstrate here that hemoglobin and myoglobin
are extremely susceptible to damage by glucose in vitro through a process that leads to complete destruction of the
essential heme group. This process appears in addition to the expected formation of so-called advanced glycation end
products(AGESs) on lysine and other side-chains. AGE formation is enhanced by the iron released. In contrast, the
heme group is not destroyed during glycation of cytochramehere the sixth coordination position of the heme
iron is not accessible to solvent ligands. Glycation leads to reduction of ferricytochromthis case. Since hydrogen
peroxide is known to destroy heme, and the destruction observed during glycation of hemoglobin and myoglobin is
sensitive to catalase, we propose that the degradation process is initiated by hydrogen peroxide formation. Damage
may then occur through reaction with superoxide generéedductant of ferricytochrome), or hydroxyl radicals,
or with both.
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1. Prologue
1.1. Personal introduction by RGK

My very first encounter with Walter Kauzmann
was both memorable and consequential. We first
met around November 1962, while I was a first
yvear graduate student looking for possible thesis
projects. As the subject drifted to protein folding,
Kauzmann quickly opened a treasured Scientific
American issue with an article by Kendrew [1]
describing the intricate three-dimensional struc-
ture of myoglobin. This was the very first protein
to have its crystallographic structure determined
to high resolution—and my first view of a protein.
That historic stick-model illustration by Irving
Geis was displayed as a stunning and colorful
centerfold of myoglobin (perhaps it was only a
two-page spread), with its a-helices surrounding
the luscious red heme group containing the space-
filled ball of iron. This was as seductive as
anything I had ever seen, and a lifetime of studying
protein structure and function began then and
there. Some 35 years later, chance observations
that we made during studies on protein glycation
would have gone entirely unappreciated, except
for my familiarity with myoglobin that was devel-
oped during my thesis studies on its urea unfolding
kinetics. It thus seems appropriate, on this special
occasion honoring Walter Kauzmann, to report
our novel observations on the glycation of heme
proteins and the surprisingly complex reactions
that distinguish them.

2. Introduction

2.1. Statement of the problem

The direct chemical modification of protein

During our studies on the kinetics and mechanism
of this extremely slow glycation process, we have
observed greatly enhanced modification of metal-
loproteins containing redox metal ions. Further-
more, we made the surprising observation, which
is the subject of this report, that certain heme
proteins, but not others, are extremely vulnerable
to damage by glucose. This damage is dramatically
manifest by the complete destruction of the heme
group, with obvious catastrophic consequences to
structure and function. The broader implications
of these findings for diabetic complications remain
to be established. However, the results highlight
new avenues to pursue in unraveling the complex
‘glycoxidation’ mechanisms by which glucose
damages proteins. As our previous studies dem-
onstrate[2,3], this is an essential prerequisite to
the design of effective therapeutic inhibitors of
hyperglycemic damage in diabetg$-€]. Indeed,
currently one such mechanism-based inhibitor is
successfully advancing in phase 2 clinical trials
for diabetic nephropathi7].

2.2. Non-enzymatic glycation

It has been known for nearly a century that the
exposure of amino acids to glucose results in a
very slow ‘browning’ reaction, the so-called Mail-
lard reaction[8,9]. This reaction has long interest-
ed food chemistd10Q], but only in the last two
decades has it become of significant interest to
biochemists studying diabetic complicatiofisl].
The reaction is initiated by reversible Schiff base
condensation of glucose, in its acyclic aldehyde
form, with free amino groupéa or &). The Schiff
base (an aldiming then undergoes an Amadori
rearrangement, essentially irreversible, to form 1-
deoxyfructosyllysine. This ‘early glycation’ prod-
uct is the so-called Amadori intermediate, a

amino groups by glucose, an aldehyde, has beenketoamine(Fig. 1). Half a century after Maillard’s
implicated in the development of serious and life- observations, the obscure hemoglobin variant
threatening diabetic complications. Most of the HbAlc was shown to be an Amadori attachment
damage occurs in the vasculature of tissues, e.g.of glucose to the terminak-amino group of Val-
the glomerulus of the kidney or the retina of the 1 of the B-chains[11]. While HbAlc is now a
eye, where there is no regulation of glucose entry. powerful clinical marker of glucose exposure in
The exposure in such cases directly follows the diabetics, its landmark identification also propelled
fluctuations of glucose blood levels, in contrast to the investigation of the biochemical and medical
cellular sites where entry is regulated by insulin. importance of non-enzymatic glycati¢h2,13. Its
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Fig. 1. Condensation of the acyclic glucose form with amino groups followed by the Amadori rearrangement.

presence in both diabetic and normal subjects specied4]. Most of these ‘glycoxidation’ reactions
proved that the aldehyde glucose, existing at only usually require the presence of oxygen and trace
0.002% in the reactive acyclic form, does indeed redox metal ions[18,19, and the products are
modify proteins. collectively referred to as advanced glycation end-
products (AGEs). The most abundant AGE is
probably carboxymethyllysinéCML), where the
carboxymethyl radical can arise from fragmenta-
tion of the attached glucose between C2 and C3

Glycation in normoglycemic subjects probably through an ene-diol intermediaf20,21.
contributes to the aging processisl], but more While this classical view(‘Hodge pathway)
deleterious and more accelerated consequences fofvolving a central role for Amadori intermediates
protein structure and function occur with the has much support, it represents an incomplete
hyperglycemia of diabetes mellitus. A greater description. Particularly as studied in vitro, where
appreciation of the pathogenic consequences ofhigh concentrations of glucose med M are

2.3. Advanced glycation end products and diabetic
complications

glycation occurred later with the realization that
the Amadori product is unstable. Its slow degra-
dation can lead to a variety of drastic and irrevers-
ible changes, often producing fluorescent and
poorly characterized products, including protein
cross-links[15]. These modifications, in principle,

affect protein structure, function, physical proper-
ties, enzymatic activity, cellular interactions and
turnover. The reactions are extremely slow, making
them difficult to study in vivo or in vitro. The

modifications normally accrue on long-lived pro-

utilized to speed the reaction, alternate pathways
of AGE formation arise that can give similar AGE
products[4]. For example, glucose itself autoxi-
dizes (‘Wolff pathway’) to yield glyoxal and the
pentose arabinos22], both of which can modify
lysine side-chains to produce AGEs such as CML.
Similarly, the Schiff base is very susceptible to
redox metal catalyzed oxidatioffNamiki path-
way’) to yield glycoaldehyde, which can also
modify lysines to yield AGEs such as CMI23].
The Amadori intermediate itself is also subject to

teins, such as the collagen of the extracellular degradation to form very reactive dicarbonyls

matrix, and have been implicated in the micro-

or 3-dexoyglucosongs In vivo, other sources of

angiopathies of diabetes such as nephropathy, neuAGEs have been identified that may contribute to
ropathy and retinopathj13,16,17. The Amadori diabetic complications. Oxidation of polyunsatu-
product thus occupies a central role as the first rated lipids has been shown, at least in vitro, to
committed intermediate on the road to this Mail- even produce CML in the absence of sugar; the
lard cascade of isomerizations, involving rear- products of this pathway are referred to as
rangements, dehydrations, oxidations, and the advanced lipoxidation end-product®or ALES)
formation of free radicals and reactive oxygen [24]. Others have suggested that increased pentose
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Pathogenic Advanced
Glycation End
Products (AGEs)

Fig. 2. Pathways of formation of AGEs in vitro and in vivo via a generalized increase in carbonyl stress. Protein products are shown
as shaded. The classic Hodge pathway via Amadori is shown on the left.

phosphate metabolism in diabetes can produce(CML) and N*-acetyl&N*-carboxymethylk-lysine

intracellular precursor carbonyls such as methyl-
glyoxal (pyruvaldehydg These are also capable
of modifying proteins to produce AGEs and can
lead to mitochondrial or other damaf@s]. These
pathways are summarized schematically in Fig. 2.
It is now clear that different pathways of AGE
formation may predominate under different con-
ditions, both in vivo and in vitro. The central
challenge is to determine their relative contribu-
tions, if any, to pathogenic complications, and to
find inhibitors that target thenp4].

3. Experimental methods
3.1. Materials and chemicals

The following proteins and chemicals were pur-
chased from Sigma: bovine heart cytochrome
p-(+)-glucose; diethylenetriaminepentaacetic acid
(DETAPAC); horse heart metmyoglobin; human
methemoglobin; and bovine serum albumin. Pan-
creatic ribonuclease A was purchased from Wor-
thington Enzymes. N*-Carboxymethyk-lysine

were a gift from Drs Valeri Mossine and Milton
Feather(University of Missouri—Columbiy and

hippuryl-Ne-carboxymethyk-lysine was a gift

from Dr John W. BaynedUniversity of South

Caroling.

3.2. Preparation of apomyoglobin

Apomyoglobin (apoMb) was prepared by
removing heme from metmyoglobin using acid—
butanone extractiorf26]. A 1 mM solution of
metMb was prepared in 5 mM phosphate buffer,
pH 6.0 and was then cooled and acidified to pH
2.5 with additions of HCI. An equal volume of
cold butanone was added to the solution and
vortexed for 20 s. The freed protohemin was in
the upper(butanone layer and was siphoned off
and discarded. This was repeated until the aqueous
layer was colorless. The apoMb was then dialyzed
against a series of buffers starting with 1 mM
bicarbonate, 1 mM phosphate buffer, pH 6.3, 50
mM phosphate buffer, pH 7.0, and finally 0.2 M
phosphate buffer, pH 7.5. The solution was finally
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centrifuged to remove any precipitated denatured

globin. metHb + 1.0 M gic

T v L

Day 0
Day 1
Day 2

0.7 }

3.3. Glycation reactions

0.2

0.6 }

Typically, a 1 mg mi'* solution of protein to be g:;g
glycated was incubated at 3T with glucose(1.0 $ 05¢ Day 7
M) at pH 7.5 in 0.4 M phosphate containing = ; Day 9
0.02% azide. When required, other compounds 2 04 Doy 13
such as glycation inhibitors or facilitators were o .3l Day 15
added at the initial time the solutions were pre- & Day 20
pared. Throughout the assay, the sample tubes <t

were kept in the dark and were periodically
checked for pH drift, and when necessary adjusted 0.1
to pH 7.5 by the addition of either NaOH or HCI.
The kinetics of formation of AGEs was monitored

by taking aliquots at various time points, which 250 300 350 400 450 500 550

were immediately frozen for later analysis at the

end of the experiment. Wavelength (nm)

3.4. UV-Vis spectroscopy Fig. 3. Effect d 1 M glucose on the Soret band and UV absorb-

ance of methemoglobin. Spectra were observed over 20 days

UV-Vis spectra were recorded using a computer- °f glycation.
interfaced Hewlett Packard 8452A diode-array )
spectrophotometer. When necessary, second-deriv-equal amounts of glycine andl*-carboxymethyl-
ative spectra were utilized in determining protein lysine. Separate runs under standard elution con-
concentrations or to resolve band overlaps in order ditions were carried out to observe and quantitate

to minimize contributions from the ‘browning’ that e, Leu, Phe and Lys. For CML content determi-
accompanies glycation. nations, protein concentration was internally deter-

mined by a weighted average of Arg, Ala, Pro and
Val, while for Lys content the internal reference
was the weighted average of these four residues

Amino acid analysis was carried out at the pIUS ”e, Leu and Phe. The latter three were not
KUMC Biotechnology Support Facility. PITC- observed und_er the chromatography conditions for
derivatized amino acids were analyzed on a Perkin CML separation. Two or three separate analyses
Elmer Applied Biosystems 420A derivatizer cou- Were typically carried out for each sample, with
pled with a 130A separation system and a 900A excellent inter-analysis agreement for Lys or for
data analysis module. All glycated samples were CML. Average values are reported.
dialyzed against deionized water and reduced with
sodium borohydride prior to hydrolysis in order to 4. Results
avoid spurious generation of CMI[27]. Hydroly-
sis was carried out under argon at 185 for 60 4.1. Spectral changes during glycation of
min. Modified gradient elution conditions were hemoglobin
necessary in order to resolve CML from the
normally overlapping methionine peak. Character-  Glucose produces slow but profound effects on
ization and calibration of the CML peak was the UV-Vis spectrum of methemoglobimetHb),
achieved by hydrolysis of a sample of authentic as shown in Fig. 3 during the 20 days of incubation
hippuryl-N*-carboxymethyllysine, which vyields of 1 mg mI~* metHb with 1 M glucose. In contrast,

3.5. Amino acid and carboxymethyllysine analysis
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this heme protein shows a stable spectrum in buffer 4.3. Effects of chelators on the spectral changes
alone (data not shown First, there is a striking  in metmyoglobin

time-dependent decrease in the heme Soret band
near 420 nm, paralleled in the visible bands,
leading to complete bleachingownward arrow).
Second, there is an independent large intensifica-
tion in absorbance in the UV region below the
Soret band(upward arrow) with the appearance
of new peaks, such as the 330—-370-nm doublet.
Careful examination reveals that this increase in
the lower UV region appears somewhat delayed
relative to the loss of the Soret band, and is mostly
produced after most of Soret band bleaching has
occurred. The UV bands generated are observed
although to a lesser extent, in non-heme protein
glycation and are usually presumed to be part of 4.4. Effects of hydrogen peroxide on the spectral
the ‘browning’ that occurs. However, we have changes of metHb

found that the UV chromophores are completely
lost by dialysis or ultrafiltration.

It is known that the formation of most AGEs
requires oxygen and redox metal ion catalysis. The
reaction is inhibited by strong chelators such as
EDTA and DETAPAC, which are also effective in
general oxidative chemistries involving redox met-
al ion catalysig28]. We thus examined the effects
of the chelators EDTA and DETAPAC on the
glucose-induced changes in metmyoglobin. Both
of these strong chelators completely abolish the
spectral changes at 1 mM in both the Soret band
and the lower UV region, as shown for DETAPAC
'by the intensity plots of Fig. 5.

Hydrogen peroxide interacts with many heme
proteins and enzymes and at low concentrations
. . has been shown to form complexes with various
4.2. Spectral changes during glycation of myoglo- oxidation states of the heme iron. There have been
bin and apomyoglobin increasing reports, however, that at higher concen-

trations it can destroy protein-associated heme

The spectral changes induced in methemoglobin groups through superoxide radical formation
are also observed to virtually the same extent with [29,3d. For comparison with glucose, we have
metmyoglobin(Fig. 4a. The distinct kinetics of  examined the effects of hydrogen peroxide on the
the two processes at 416 ni8oret band and 360 UV spectrum of the metHb. Under similar buffer
nm can also be observed in time plots of the conditions to the glycation reaction, addition of
intensity changegFig. 5. When the heme group hydrogen peroxide, at a nominal concentration of
is absent or removed, as in apomyoglobin 8 mM, to 1 mg mf* MetHb causes a rapid
(apoMb), only the formation of non-Soret band bleaching of the heme Soret band near 410 nm
spectral bands is observed, as expedcféd. 4b). (Fig. 6). Complete destruction of the heme group
These non-heme changes are presumably due towvas observed under these conditions with a half-
the ‘browning’ that is typically observed when life of approximately 10 min. This, of course, in
non-heme proteins are extensively glycated. How- itself does not prove that the destruction during
ever, closer inspection of the intensity changes glycation arises from peroxide. It is also important
reveals that, despite the qualitative similarity, the to note that, unlike glycation, these spectral chang-
absolute changes in apoMb are far less than thosees were not accompanied by the UV increases that
observed in metHb and metMb. In other words, were noted above in the 250—-375-nm range that
the presence of heme in metHb and metMb has were attributed to glycation-induced ‘browning’ of
led to far greater intensification in the non-neme the protein. Two separate processes are thus
spectral ‘browning.” In separate experimeftiata  involved (cf. Fig. 5).
not shown, it was observed that the addition of
hemin chloride at concentrations as low ag.¥
to non-heme proteins such as RNase and BSA
greatly stimulated the glycation-induced ‘brown- While studying the effects on glucose on a
ing’ and also led to heme destruction. variety of other heme proteins, we have observed

4.5. Spectral changes of cytochrome c during
glycation
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(2) Mb + 1.0 M glc (b) ApoMb + 1.0 M glc
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Wavelength (nm) Wavelength (nm)

Fig. 4. Effect of 1 M glucose on the UV absorbance(af metmyoglobin andb) apomyoglobin. Spectra were observed over 20
days of glycation and the arrows indicate the direction of the time course of changes in the different bands.

that cytochromec behaves rather unusually, as still shorter than the lifetime of red blood cells,
shown in Fig. 7. Instead of bleaching of the Soret often estimated at 120 days. The extent of forma-
band, there is actually an intensification, with a tion of CML at glucose concentrations as low as
slight red-shift of the maximum and the striking 100 mM is quite remarkable, being in the 50—
appearance of a doublet in the visible range. These80% range, i.e. far greater than observed with non-
changes are consistent with reduction of the ferri- heme proteins such as BSA and RNds@prox.
cytochromec to ferrocytochromec. Furthermore,  10% in 1 M glucosg¢ The measurable levels at
the changes in the lower UV region that are the diabetic glucose concentration of 20 mM are
characteristic of ‘browning’ do occur, but are also equally remarkable.

substantially attenuated when compared to hemo-

globin and myoglobin. 5. Discussion

4.6. Formation of CML during glycation of heme 5.1. Destruction of the heme group by glucose
proteins
The impetus to this study was the accidental
Since the identities of the UV-absorbing chro- discovery that the UV spectrum of glycated hemo-
mophores during ‘browning’ are not known, we globin bore no traces of the characteristic heme
have directly analyzed for the most abundant absorbance that is distinguished by the Soret band.
known AGE, carboxymethyllysineCML) [20,21]. We are unaware of any previous descrip_tions_ of
Fig. 8 demonstrates the extent of conversion of such .catastrophlc heme damage by in vitro
the lysines in metMb and metHb to CML during glycation® We are also unaware of any reports of
ﬂﬁ;‘t}%? Z’t I|((;\rl1ve;rgI%?cii)rfogfeggrag:?}r%%ge 1 Subsequent to the completion of our studies and submis-
. g ys. . sion of this manuscript, we have come across one mention of
concentrations include normah mN_l) and (_Zila-_ the possibility of heme destruction by glucose, but no data
betic (20 mM) glucose ranges. This duration is were provided31].
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(416 nm and in the lower UV rang€360 nm. Spectra were
observed over 20 days of glycation. For comparison, the
changes in absence of DETAPACS. Fig. 4) are also shown.

accelerated loss of red blood cell hemoglobin,
muscle myoglobin, or other heme proteins in
diabetics. The spectral changes in the Soret band
reported here leave little doubt that glucose is
capable of destroying the heme cofactor in these
proteins, even at diabetic glucose concentrations.
The precise chemical mechanisms of the destruc-
tion are probably very complex. The most plausi-
ble hypothesis is that hydrogen peroxide produced
during glycation is the initiating agent in the
degradative mechanisf82,33. Recent studies on
hydrogen peroxide-mediated heme degradation
have implicated the hydrogen peroxide complex
of ferryl (F&**) heme, the ferryl heme itself being

B.L. Cussimanio et al. / Biophysical Chemistry 105 (2003) 743-755

produced from a peroxide complex of ferri- and
ferrohemoglobin. The peroxide complex of the
ferryl heme readily autoxidizes to form the highly
reactive superoxide radicg29,3d. Fenton chem-
istry, producing damaging hydroxyl radicals, is
also likely to occur in the presence of adventitious
redox metal ions from the phosphate buffer or
from iron released through destruction of the heme
[34-34.

The proposed mechanism via initially coordi-
nated peroxide is consistent with the observations
of a lack of reactivity of the heme group of
cytochromec. The remarkable resistance of cyto-
chromec to glucose-mediated destruction is most
easily ascribed to the inaccessibility of the heme
iron to hydrogen peroxide due to the presence of
the methionine sulfur ligand at the sixth coordi-
nation position of the iron. In contrast, this ligand
site is open to the solvent in myoglobin and
hemoglobin(Fig. 9) and, of course, binds water,
oxygen, carbon monoxide, hydrogen peroxide and
many other ligands.

metHb + 8 mM H,0,

05

047

03T

0.2 1

Absorbance

01|

0.0

250 300 350 400 450 500 550
Wavelength (nm)

Fig. 6. Effect of hydrogen peroxide on the UV absorbance of
metmyoglobin in the Soret band and UV regions.
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Fig. 7. Effect of 1 M glucose on the UV-Vis spectrum of cytochromguring a 20-day incubation. Changes include intensification
and shift of the Soret band, appearance of the doublet in the visible spectrum, and increased UV absorbance below the Soret band.

An alternative hypothesis to account for the (via thioether linkages to cysteingswhile the
difference in behavior of these heme proteins is heme groups of myoglobin and hemoglobin are
that the heme destruction requires prior dissocia- reversibly bound and are well known to dissociate
tion of the heme group from the globin. Support and exchange among globing7]. Additional
for this hypothesis comes from the fact that the support comes from our observations, noted above,
heme group of cytochromeis covalently attached that added hemin is destroyed during glycation of

metHemoglobin

_y 804 100 jmM
=
O )
@ g0 metMyoglobin
S 100 mM
b :
5 401
k=
o
s 1 20mm
m

* lm 1 4 mM ey,

0 i =xnss | o '11 m

Fig. 8. Extent of formation of the AGE CML on lysines of methemoglobin and metmyoglobin during a 65-day glycation at the
glucose concentrations indicated.
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reactive oxygen specig84,40,4]1. The obligatory
Cytochrome-c requirement for hydrogen peroxide can also be
tested by examining the potential protective effect
of catalase or glutathione peroxidase. We have
carried out such studies and have found protection

?._m __\“"\*_- @ : in the case of catalase, as will be reported
) - o © elsewhere.
G « ‘\.. Evidence for an accompanying generation of
G - superoxide can also be observed in the spectral
L..‘;‘ . changes in cytochrome. Not only is the heme
¥ ® group protected during glycation, but there is also

very rapid reduction to ferrocytochrome Indeed,
reduction of ferricytochrome has become a sen-
sitive method for detecting superoxide generation
in a variety of system$42,43. Glycated proteins
. have frequently been reported to contain ‘reduc-
metmyoglobin tones’ that are capable of such reductions. Dual
sources of superoxide production are thus possible
in hemoglobin and myoglobin, i.e. from glycation
on lysines via the Maillard cascade and from
autoxidation of ferryl-peroxide transient interme-
diates. These must conspire to accelerate the
destruction of the protein. The resistance of the
heme group itself to degradation observed in cyto-
chromec suggests, as discussed above, that Mail-
lard-generated superoxide may not be as effective
as the superoxide generated in the heme pocket
Fig. 9. Comparison of the heme environments at the sixth coor- YIa au‘tOXIdat.lon, Qf the ferryl heme. The dimin-
dination position of the iron in cytochrome (top) and met- ished ‘browning’ in cytochrome: further attests
myoglobin. The former has a sulfur ligand from methionine, t0 lack of release of iron from the bound heme.
and the latter coordinates a solvent ligand.

5.2.  Potential implications  for  diabetic

non-heme proteins. Nevertheless, we consider thiscomplications
plausible explanation much less likely. This is due
to a combination of very low equilibrium concen- The sensitivity of the ubiquitous heme proteins
tration of free heme in hemoglobin or myoglobin myoglobin and hemoglobin to destruction by glu-
(affinity of the order of 1&* M) [37] and a cose that we observed in this study raises novel
very low steady-state concentrationM range of questions regarding the toxicity of glucose in
hydrogen peroxide generated by the Maillard reac- diabetic hyperglycemia. For example, it has been
tion [38]. Even completely free hemin displays a reported that ferryl heme is formed more readily
very slow rate of destruction in protein—glucose by peroxide when the iron is in reduced form
solutions of the order of day&ata not showh [29,30. The red blood cell maintains such reduc-

Experimental support for a hydrogen peroxide tion for the functional deoxy and oxygenated
mechanism of destruction comes from several states, but this is difficult to maintain in vitro due
sources. For example, glycated proteins are knownto well-known autoxidation to methemoglobin.
to autoxidize in the presence, and sometimes This favors a greater tendency for the peroxide
absencg[38,39, of redox metal ions, thus gener- pathway of damage in vivo than under our present
ating hydrogen peroxide, free radicals and other experimental conditions. It should also be noted
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that there is a low flux of hydrogen peroxide in few heme or redox-active metalloproteins are nor-
RBC, where it is estimated that 3% of hemoglobin mally found in this highly functional but fragile
is autoxidized in 24 H30]. Why then do we not  biological matrix.

observe massive RBC damage in diabetics?

Indeed, even AGEs appear to be present at6. Postscript: a tribute to Kauzmann personal
extremely small concentrations in RBCs compared comments by RGK:

to plasmal44].

The AGE and browning results reported here  The intervening years since graduation have
make it even more surprising that we do not provided numerous opportunities to apply the sci-
observe substantial evidence of AGE formation or entific lessons assimilated from Kauzmann. Grati-
damage in RBC. Our in vitro glycation experi- fyingly, the significant discoveries always seemed
ments reveal that substantial CML formation to arise from recognition (perhaps fruits of a
occurs on heme proteins and probably all redox- ‘prepared kinetics mind') of some anomalous kinet-
active metalloproteins in general. The unusually ics, whether studying the diffusion-limited catalysis
large browning spectral changes we have observedby one of the fastest known enzymes (carbonic
are another reflection of enhanced AGE formation. anhydrase) [47] or the ultra slow (months) protein
The contribution of heme destruction to the copi- modifications by glucose (glycation) [2-4,48.
ous AGE formation on metHb and metMb needs Despite the disparity in time scales, the problems
to be recognized, since this process releases thealways yielded to common-sense kinetic strategies
catalytic metal ion. This process leads to a predic- designed to simplify the system and to model it.
tion of an overall autocatalytic AGE formation, However, reflection suggests that Kauzmann’s last-
and this may be supported by the kinetics of ing influence as a mentor has been deeper and a
browning observedcf. Fig. 58. We note that the  lot more subtle. It really emanates from his unique
absence of heme destruction in cytochromés mentoring style that is appropriately described
accompanied by lesser ‘browning.’ from a student perspective, since its essence is

It thus becomes evident that the RBC anti- that he leaves no student behind.
oxidative defenses powerfully protect against gly-  Kauzmann’s unusual didactic approach unique-
coxidative damage by glucose in normal and ly complemented his great intellectual breadth and
diabetic states. Catalase and glutathione peroxidaselepth. His students quickly realize that he can
in RBCs may be crucial in this regard. In addition, admirably expound the merits of the opposite sides
the intracellular scavenging of free iron must also to almost any scientific question, including the
be involved in case damage occurs on bound hemeweaknesses and limitations of his own notable
prior to its removal. While we infer that the RBC  theories and ideas (such as the hydrophobic bond
has evolved excellent defenses against glucose-concept). When praised in public, he would vig-
mediated pathways of heme protein degradation, orously disavow taking sole credit for his achieve-
little information is available to assess defenses in ments and would point out the many important
other extracellular and intracellular compartments, contributions of others in the field. He was also
such as heme-rich mitochondria. Hypotheses havequick to defend his scientific opponents against
recently been advanced that diabetic complications blanket dismissal or criticism, always pointing out
result primarily from increased fluxes of highly the specific good things his rivals had done. He
reactive metabolic intermediates such as methyl- could equally be counted on to challenge, find
glyoxal [25,45. However, as in RBCs, intracellular  holes in, or even dash, claims of discovery (that
defensive enzymes such as glyoxalase exist thatdevastating ‘Oh?’) that were often prematurely
offer sufficient protectior{46]. The site of greatest  advanced.
damage in diabetes remains the extracellular Kauzmann’s approach was quite difficult on
matrix, where no defensive anti-oxidant enzymes unaware ambitious students, but it opened wide
have been established. In view of the results the doors of learning to humble others. The turning
presented here, it is perhaps no coincidence thatpoint is reached when you begin to recognize that
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his hallmark ability to synthesize theory and exper-
imental knowledge was always based on under-
standing the elements of the problem all the way
down to the most basic and elementary level. His
exemplary practice was that you do not accept or
apply theories if you do not know their derivations,
including all the assumptions involved. Similarly,
you do not build theories or hypotheses on data
you have not analyzed yourself. Little in the
literature is assumed proven or taken for granted,
but criticism is accepted only if it is not personal
in nature. If Kauzmann comprehended science at
this elementary level of simplicity, then it seemed
perfectly acceptable for the student to focus on
understanding and interpreting simple results.
Kauzmann genuinely conveyed that there was no
experiment, successful or not, from which you
cannot learn something interesting or useful.
Indeed, he would often spend hours helping the
discouraged student bring that out by a discourse
on topics related to the data. Unashamedly, I took
Sull advantage of that and enjoyed the process
immensely. Perhaps my students and younger asso-
ciates did the same too!
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