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Increased Levels of Hemoglobin-derived and Other Peptides in 
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Several studies point to the importance of peptides and pro- 
teolysis in Alzheimer’s disease (AD). Because of its ability 
to study small proteins and peptides, reverse-phase HPLC 
was employed to study these species in AD. Cerebellum 
was chosen for these initial studies because it does not show 
significant neuronal loss but does show some pathology in 
AD. Examination of over 600 peptide peaks per case re- 
vealed 15 that were elevated in AD. Nine were fragments of 
hemoglobin, and the remainder included two species of cal- 
modulin, two of myelin basic protein, and one each of 67 
kDa neurofilament proteihand PEP-19. The cleavage sites 
on hemoglobin were after hydrophobic residues and im- 
munolocalization was seen preferentially around blood ves- 
sel walls and granule cells. The elevation of the non-serum- 
derived peptides was characteristic of general metabolic 
changes that occurred in AD cerebellum, and the presence 
of elevated hemoglobin polypeptides indicated either pos- 
sible disruption of the blood-brain barrier or selective eva- 
sion of it by peptidaceous products. Further studies are re- 
quired to establish whether hemoglobin fragments have a 
role in neurodegenerative processes such as AD. 

[Key words: Alzheimer’s disease, cerebellum, proteolysis, 
blood-brain barrier, hemoglobin, immunocytochemistry, 
HPLC, PEP- 19, calmodulin, neurofilament protein, myelin ba- 
sic protein] 

Biological organisms produce a large number of peptides and 
small proteins, many of which are processed from precursors 
by limited proteolysis. This class of molecule performs a wide 
variety of functions, including both well-known ones such as 
that of the peptide hormones and neuromodulators, and others 
that are not yet well understood. The latter class of peptide is 
especially relevant to diseases of the nervous system. For ex- 
ample, the PIA4 fragment of the amyloid precursor protein is 
a major component of senile plaques in Alzheimer’s disease 
(AD; Selkoe, 199 l), and peptide sequences from the precursor 
have exhibited toxicity (Yankner et al., 1989; Koh et al., 1990) 
and/or survival-enhancing activities (Saitoh et al., 1989; Whit- 
son et al., 1989; Milward et al., 1992) on cultured cells. Other 
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peptidaceous species that contribute to the core of amyloid de- 
posits include IgG and albumin (Ishii et al., 1975; Ishii and 
Haga, 1976; Wisniewski and Kozlowski, 1982) and a,-glyco- 
protein (Kalaria and Grahovac, 1990). The 9 kDa peptide frag- 
ment of the plasma form of gelsolin, a protein responsible for 
depolymerizing actin in a calcium-dependent manner, is simi- 
larly associated with amyloid deposits in cases with familial 
amyloidosis of the Finnish type (Haltia et al., 1990). Even with 
the intensified interest in peptidelprotein processing and its role 
in neurodegenerative diseases, the pathways by which these spe- 
cies are formed and deposited are unknown. 

In addition to the robust deposition of peptides into diffuse 
and compact amyloid plaques, there is growing evidence that 
altered protease activities are involved in AD that could poten- 
tially generate these peptides. Pertinent examples include cal- 
pain I, which is able to process the amyloid precursor protein 
via a calcium-dependent mechanism (Siman et al., 1990). There 
are also more general protease activities that have been found 
to be specifically elevated in AD, such as metalloproteases in 
the hippocampus, capable of degrading tissue matrix constitu- 
ents (Backstrom et al., 1992). In parallel with altered protease 
activities, protease inhibitors are also implicated as part of the 
disease process. For example, a,-antichymotrypsin has been lo- 
calized to senile plaques and diffuse plaques (Abraham et al., 
1988). It may also be relevant that the amyloid precursor protein 
is itself capable of inhibiting factor XIa, a protease that partic- 
ipates in the blood coagulation cascade (Smith et al., 1990). 

This widespread association of peptides and the proteolysis 
that produces them with AD has encouraged the use of exper- 
imental approaches that can directly characterize these com- 
ponents from tissues, regardless of whether they were produced 
locally or transported from other regions. To this end, a meth- 
odology based on HPLC analysis of peptides has been developed 
that can broadly examine acid-soluble species in samples of 
brain tissue (Slemmon and Flood, 1992). Employing this ap- 
proach, peptide composition in postmortem cerebellum was 
examined in AD. Cerebellum, unlike regions of cerebral cortex, 
does not appear to show significant neuronal loss but does show 
Alzheimer’s changes (plaque formation). Therefore, peptide 
changes would not reflect alterations in cellular composition of 
the tissue but rather functional changes induced by AD. Ad- 
ditionally, this brain region provided ample material for peptide 
isolations. 

Materials and Methods 
Human subjects 
Cases consisted of six confirmed AD and six neurologically normal 
controls, three males and three females in each group. All cases were 
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obtained at autopsy through the Rochester Alzheimer’s Disease Project 
(RADP) and Center (AD0 Anterior cerebellum of the left side was 
irozen on dry ice immediately upon dissection and stored at -80°C. 
Anterior cerebellum of the right side was fixed in phosphate-buffered 
fonnalin solution made with half 10% formalin and half 4% uarafor- 
maldehyde solutions. All cases in the AD group had a clinical history 
of progressive dementia that was confirmed by neuropathological ex- 
amination at death. The AD cases were free from other neurological 
and psychiatric illnesses and from other neuropathological findings at 
autopsy. Control cases had a clinical history lacking in any neurological 
or psychiatric disorder, and showed no significant neuropathology at 
death. The pathological severity of Alzheimer’s changes, when present 
in the controls, was within established age-adjusted criteria for normal 
elderly subjects (Khatchaturian, 1985). None of the cases had a history 
of alcohol abuse. The clinical histories of the controls and four of the 
AD cases were obtained retrospectively from health care workers, med- 
ical records, and family members. The remaining AD cases were fol- 
lowed clinically prior to their deaths by the Clinical Core of the RADP/ 
ADC. Average postmortem delay intervals were 13.45 hr (range, 9-19 
hr) and 11.33 hr (range, 5-l 6 hr) for controls and AD cases, respectively. 
Average age at death for the AD cases was 77.0 years (range, 74-83) 
and 80.2 (range, 73-86) for the controls. Neither postmortem delay 
interval nor age at death varied significantly between the groups (t = 
0.98, df = 10, p > 0.05 for postmortem delay; t = 1.32, df = 10, p > 
0.05 for age at death). Average duration of illness for AD cases was 8.7 
years (range, 5-l 1 years). The average brain weight for AD cases was 
1087gmand forthecontrols was 1297 gm (t = 3.47, df= 10,~ < 0.01). 
A 36-year-old control died of myocardial infarction, had a postmortem 
delay of 5 hr, and was used only in the immunocytochemical study. 

Peptide analysis 
Preparation of crudepeptidepools. Samples of frozen human cerebellum 
were broken into smaller pieces in a mortar with a pestle sitting in dry 
ice. Approximately 1 gm of the frozen tissue pieces from each case was 
placed into vials and held for homogenization. Homogenization of the 
tissue and fractionation of the acid-soluble peptides into crude pools 
with conventional size exclusion and ion-exchange chromatography were 
accomplished as described in Slemmon and Flood (1992). Briefly, the 
frozen tissue samples were added to 50 ml of hot (=SO-90°C) 250 mM 
sodium phosphate, pH 2.5, and dispersed as a 2% (w/v) homogenate 
with a Tekmar Tissumizer (S25KR probe). After an approximately 30 
set homogenization, the samples were placed in a boiling water bath 
for 5 min. The boiled samples were then centrifuged at 40,000 x g for 
20 min at 22-24°C. The supematants were recovered and the peptides 
were desalted and concentrated by chromatography on two Waters C 18 
SepPak cartridges attached in series (Environmental SepPak, 1 gm bed). 
The cartridges had been preequilibrated in 0.1% trifluoroacetic acid, 
99.9% water, and the absorbed peptides were eluted with 0.1% trifluo- 
roacetic acid, 29.9% water, 70% acetonitrile. Eluted material was taken 
to dryness in a Savant SpeedVac, reconstituted in 0.1% trifluoroacetic 
acid:water, and chromatographed on a 1.5 x 18 cm column of Sephadex 
G-50 fine eauilibrated in 0.1% trifluoroacetic acid in water. The oeotides 
in the voided and included volumes were collected separately. The 
higher-molecular-weight peptides in the void volume were held for later 
analysis, and the included peptides were again concentrated and dried. 
These lower-molecular-weight peptides from the included volume were 
then reconstituted and fractionated into anionic, cationic, and neutral 
peptide pools on Waters Accell QMA and CM columns as described in 
Slemmon and Flood (1992). 

HPLCanalysis ofpeptidepools. All of the crudely fractionated peptide 
pools, including those voided on Sephadex G-50, were then subjected 
to high-resolution analysis on reverse-phase high-pressure liquid chro- 
matography (RP-HPLC) in 0.1% trifluoroacetic acid, water with ace- 
tonitrile as the mobile phase. The column used was a Vydac C 18 (0.46 
x 25 cm, 1.0 ml/min; The Separations Group, Hesperia, CA). RP- 
HPLC analysis was carried out on a high-pressure binary system (LDC, 
Riviera Beach, FL) equipped with automated sample injection and two- 
channel data acquisition. Channel 1 collected the signal from a Waters 
441 absorbance detector and channel 2 monitored a Gilson model 12 1 
fluorometer, which was part of a post-column fluorescent detection 
system. The total number of chromatographic traces per tissue sample 
was eight (four peptide fractions times two detection systems). Each set 
of eight traces yielded about 600-700 peptide peaks, for a total of about 
9000 peptide peaks from the 12 tissue samples. Because of this large 
number of peptide peaks, the complexity of the HPLC traces, and the 

need to compare homologous peaks across tissue samples in a quanti- 
tative manner, several computer programs were employed for initially 
examining the data. These included the AXXIOM 727 chromatographic 
software (Axxiom Chromatography, Moorpark. CA) and oroarams writ- 
ten in the SAS (SAS Institute, Gary, NC) programming language and 
described elsewhere (Slemmon and Rood. 1992). Their uurnose was tn 
identify and quantify all peptide peaks and then sort homologous peaks 
across tissue samples into spreadsheets for final analysis. Peptide peaks 
that were identified by the computer-assisted analysis as showing con- 
sistently altered expression as a function of AD were then inspected 
visually, in order to determine that they were well-resolved species. 

Peptide sequencing. Peptide species were identified by comparing par- 
tial amino acid sequence from the peptide against the GenBank and 
EMBL sequence data bases (Devereux et al., 1984). Peptide sequencing 
was performed on peptide peaks collected from parallel HPLC sepa- 
rations that did not employ post-column modification of peptides with 
Fluorescamine. If  material was sufficient, up to one-half of a peptide 
sample from HPLC was subjected to sequencing on an Applied Bio- 
systems model 4771120, using a polybrene-treated glass fiber filter for 
immobilizing the sample to be sequenced. If  the intact peptide failed 
to yield sequence, material was limited, or more sequence information 
from a peptide was desired, then the intact peptide was fragmented with 
trypsin and the tryptic fragments were submitted for sequencing. In 
general, tryptic fragments yield readable sequence at significantly lower 
levels than can be achieved with intact material, since they are more 
homogeneous and cause less background upon phenylthiohydantoin 
(PTH)-amino acid analysis. Unfortunately, however, amino-terminal 
sequence that can place the cleavage site that generated the peptide from 
the parent polypeptide is lost. Trypsinization was carried out on peptides 
as follows. L- 1 -Tosylamide-2-phenylethyl chloromethyl ketone (TPCK)- 
treated trypsin (2 mg; Cooper Biochemicals, Torrei Pines, CA) was 
separated on a Vydac C4 column usinn 0.1% trifluoroacetic acid:water 
and acetonitrile as the mobile phase. The doublet emerging at approx- 
imately 38% acetonitrile was collected as the active intact trypsin (= 140 
rg). The large, broad peak following this doublet was presumably chy- 
motrypsin, and was discarded. Protein concentration ofthe trypsin sam- 
ple was estimated by its absorbance at 280 nm using an extinction 
coefficient of 1.0 AU/mg protein. One microgram of trypsin was added 
to a peptide sample in 50 ~1 of tris(hydroxymethyl)aminomethane-tri- 
fluoroacetic acid, pH -8-8.5, and placed at 37”6 for 18-20 hr. Cyto- 
chrome C (horse heart, Sigma Chemical Co.. St. Louis. MO) was used 
in parallel digestions to se&e as a positive control for thk t&sin digest. 
Residual amounts of guanidine HCl, often used when dr$ng peptide 
samples, were found to inhibit the HPLC-ourified trvosin and were 
avoided. Tryptic fragments from the digests-were separated on Vydac 
Cl 8 columns (0.2 1 x 25 cm, 200 &min) using the same buffer system 
as for the peptide separations described above. Peptide peaks were 
collected and directly applied to filters for sequencing. 

Analysis of cx- and P-hemoglobin polypeptides on RP-HPLC 
projiles of high- molecular- weight peptides from cerebellum 
Additional aliquots of high-molecular-weight peptides from samples 
shown in Figure 1 were spiked with either the (Y- or P-chain of hemo- 
globin in order to identify these species in the HPLC profile. HPLC- 
purified hemoglobin subunit polypeptides were prepared by boiling 1 
mg of human hemoglobin (Sigma) in 250 mM sodium phosphate, pH 
2.5, for 5 min. The boiled sample was then subjected to RP-HPLC 
separation, which essentially yielded only two peaks. Amino-terminal 
sequencing identified the earlier eluting peak as P-hemoglobin and the 
later as a-hemoglobin. Aliquots from these peaks were added separately 
to aliquots of the cerebellar high-molecular-weight peptides and addi- 
tional RP-HPLC separations were carried out. 

Western blotting 
Homogenate proteins were prepared by dispersing and boiling frozen 
human cerebellum in sodium dodecyl sulfatexontaining sample buffer. 
Supematants were prepared by homogenizing samples of human cere- 
bellum in 50 mM tris(hydroxymethyl)aminomethane (10% w/v) and 
centrifuging at 4°C for 20 min at 30,000 x g. Protein samples were 
separated on polyacrylamide gel electrophoresis in sodium dodecyl sul- 
fate (12.5% acrylamide) on a Bio-Rad MiniProtean II, essentially fol- 
lowing the directions of the manufacturer. Proteins were transferred 
from the gels to Immobilon P (Millipore) in 10 mM (3-[cyclohexylaminol- 
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Figure I. RP-HPLC separation of acid-soluble peptides in the high-molecular-weight fraction from cerebellum using detection by UV. A-F are 
from neurologically normal cases, and G-L are from pathologically confirmed AD cases. Buffer B was 70% acetonitrile, 29.9% water, 0.1% 
trifluoroacetic acid, and buffer A was 99.9% water, 0.1% trifluoroacetic acid used at a flow rate of 1 .O ml/min. The preparation of the peptide pool, 
the HPLC protocol, and the computer-assisted peak identification and comparison are detailed in Materials and Methods and in Slemmon and 
Flood (1992). 

I-propanesulfonic acid) sodium, pH 11, and 10% methanol in 
a Hoefer Mighty Small transfer apparatus at 0.5 A for 20 min. Small 
dots of peroxidase-conjugated antisera were applied with toothpicks to 
the comers ofthe blot so that they would be visible both with the proteins 
and on the Western blot film image. This served to orient the super- 
imposition of the two images so that the positions of the molecular 
weight markers could be determined for the Western blot image. Pro- 
teins were stained on the blot with 0.1% Coomassie blue in 50% meth- 
anol, 10% acetic acid for 5 min and destained in the same solution 
without the dye. Destaining was stopped by placing the blot in water, 
followed by blocking in 5% Carnation nonfat dry milk in 50 mM 
tris(hydroxymethyl)aminomethane HCl. Rabbit anti-hemoglobin sera 
(Sigma) at 1000x dilution was added to blocking solution where the 
nonfat milk was replaced with 5 mg/ml ovalbumin and placed on the 
blot for 2 hr at 23°C. The blot was then washed with three 10 min 
changes of blocking buffer and then a 20,000 x dilution of peroxidase- 

conjugated goat anti-rabbit IgG (Pierce Chemical Co., Rockford, IL) in 
blocking buffer was placed on the blot for 1 hr. After a final series of 
three washes, the blot was rinsed in blocking buffer without the nonfat 
dry milk and then developed in Amersham ECL reagent (Amersham 
Life Science, Buckinghamshire, England). The bands were then visu- 
alized by exposure to x-ray film. 

Tissue localization qf hemoglobin 
Preparation of antibodies to human hemoglobin. Whole antisera against 
human hemoglobin were obtained from Sigma. Total IgG was isolated 
from whole sera by first diluting the sera 1: 1 in 140 mM sodium phos- 
phate, pH 7.2, and gravity flowing the sample over a 5 ml protein A- 
agarose column (Pierce) at 1 ml/min. The column was washed until 
absorbance at 280 nm dropped to baseline, and the IgG fraction was 
eluted by introducing 100 mM sodium citrate, pH 3.0, to the column. 
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Figure 2. Peaks that were identified in 
the computer-assisted analysis as hav- 
ing peak heights that were all greater in 
the AD cases than in the age-matched 
controls. The chromatogram is taken 
from Figure 1 I. Peak numbers preceded 
by Hb are fragments derived from he- 
moglobin, and the peaks with only in- 
tegers are not hemoglobin related. Ta- 
ble 1 provides the cumulative peak 
information for homologous peaks 
across all cases. Similar analysis of all 
other crude peptide pools (i.e., anionic, 
cationic, and neutral low-molecular- 
weight peptides) from these tissues did 
not reveal homologous peptide peaks 
where there was no overlap in values 
between AD and control cases. 

The IgG was neutralized immediately with the addition of 1 M 
tris(hydroxymethyl)aminomethane in a dropwise manner. The sera 
yielded approximately 9 mg of IgG per milliliter. A fraction of the 
purified IgG was preadsorbed against human hemoglobin that had been 
covalently coupled to Reacti-Gel 6X (Pierce) to serve as the preadsorbed 
control antibody. The solid phase hemoglobin was prepared by dis- 
solving 20 mg of human hemoglobin in 2 ml of 100 mM sodium borate, 
pH 9.0, and combining this with 2 ml of a 1: I slurry of the Reacti-Gel 
in the same buffer. The reaction was left at 22-24°C overnight with 
gentle mixing, after which the gel was washed first with 50 ml ofdistilled 
water, then 25 ml of 6 M guanidine HCl, followed by 50 ml of 140 rnr.4 
sodium phosphate, pH 7.2. Purified and pH-neutralized IgG was left 
to incubate on the column for 30 min at 22-24°C and then the unbound 
IgG was recovered by continuing the column flow. The portion of the 
IgG that had not been exposed to the hemoglobin column was diluted 
(usually about 1.5 x) in order to make the IgG concentrations the same. 
These antibody reagents were then used directly for the immunocyto- 
chemical localization of hemoglobin-like immunoreactive material in 
tissue sections. 

Zmmunocytochemistry. Blocks of fixed anterior cerebellum from the 
same cases as used for the peptide analysis as well as from a younger 
control were paraffin embedded. Sections were cut at 6 pm, mounted 
on slides, and rehydrated. Since red blood cells within the vasculature 
contribute considerable non-antibody-mediated peroxidase activity, 

Retention Time (min.) 
Ic 

sections were first treated with 0.1 M sodium metaperiodate in 0.1 M 
tris(hydroxymethyl)aminomethane, 0.75 M sodium chloride, pH 7.2 for 
20 min. at 22-24°C to suppress the endogenous activity. Free aldehydes 
were reduced by incubating the sections in 0.1% sodium metaperiodate 
and 0.1 M sodium borohydrate in 10 mM phosphate-buffered saline (pH 
7.4) for 30 min. For localization of hemoglobin-like immunoreactivity, 
sections were then incubated in the phosphate saline buffer containing 
1% (w/v) Carnation instant nonfat dry milk. Following washing, sections 
were incubated in purified total IgG with titer to hemoglobin at a con- 
centration of 5 &ml in the phosphate saline buffer containing 0.1% 
Triton X-100 and 0.1% bovine serum albumin. Primary antibody in- 
cubations were allowed to proceed at 22-24°C overnight. Localization 
of bound primary antibody was accomplished using the Vectastain Elite 
kit (Vector Laboratories, Burhngame CA) according to the manufac- 
turer’s protocol. Sections were dehydrated through a series of alcohol 
solutions of increasing concentration and then mounted in DPX and 
coverslipped. 

Results 
Analysis of peptide profiles from postmortem cerebellum 
The peptide profiles of the high-molecular-weight species, as 
well as the neutral, anionic, and cationic species from the low- 

Table 1. High-molecular-weight peptides elevated in AD cerebellum 

Peak Source protein 

Percentage 
change of mean 

Tryptic-fragment sequence (AD/control) 

Peak height range (PV) 

AD Control 

Hbl 
Hb2 
Hb3 
Hb4 
Hb5 
Hb6 
Hb7 
Hb8 
Hb9 
1 
2 
3 
4 
5 
6 

cr-Hemoglobin 
P-Hemoglobin 
a-Hemoglobin 
a-Hemoglobin 
cy-Hemoglobin 
a-Hemoglobin 
P-Hemoglobin 
@-Hemoglobin 
a-Hemoglobin 
Neurofilament (67 kDa) 
Myehn basic protein 
PEP-19 
Myelin basic protein 
Calmoduhn 
Calmodulin 

EFTPPVQAAYQK 

DEPPSEGEAE 
GVDAQGTLSK 
AAVAIQSQFR 
GRGLSLSRFS 
AFSLFDKDGDGTI 
VFDKDGNGYI 

592 26,600-l 12,011 b.d.-1 1,000 
502 136,990-225,649 13,142-79,134 
164 172,640-267,198 111,714-146,638 
190 393,072-555,450 154,824-376,064 
252 39,838-81,083 13,830-33,376 
231 14,450-28,898 4,879-13,372 
193 63,758-98,601 29,323-49,390 
175 198,575-239,153 72,975-171,221 
491 39,737-148,715 b.d.-15,083 
283 3 1,601-69,859 6,279-24,896 
260 18,515-26,685 7,093-10,930 
282 12,994-34,437 5,848-l 1,201 
194 95,253-152,880 49,367-80,824 
191 12,857-24,630 7,401-11,111 
420 76,378-134,813 10,813-61,039 

b.d., below detection. 
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Figure 3. Amino-terminal analvsis of 
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the fragments that were derived from 
hemoglobin. The intact hemoglobin 
polypeptides identified in this study 
were open to sequencing by Edman deg- 
radation. The hemoglobin sequences 
from each fragment identified in Fig- 
ure 2 are shown below the sequence of 
either intact a- or &hemoglobin. The 
molecular sizes of the hemoglobin-de- 
rived peptides are unknown, as are their 
carboxyl-terminal sequences. With the 
exception of Hb7, all other fragments 
were cleaved approximately 3040 res- 
idues in from either the amino or car- 
boxy1 terminus. As can be seen from 
the hydropathic plot above the hemo- 
globin sequence, these correspond to a 
domain that is predicted to be hydro- 
phobic for the region near the carboxyl 
side of the intact hemoglobin polypep- 
tides and to a more neutral domain for 
the region nearer the amino terminus. 
Uppercase letters are amino acid resi- 
dues identified from Edman sequenc- 
ing, while lowercase letters were de- 
duced from published sequence for the 
purpose of aligning tryptic fragment se- 
quence with sequence from intact pep- 
tides. 

molecular-weight fraction, were analyzed using our computer 
programs that can sort homologous peaks into corresponding 
observations within a spreadsheet. The RP-HPLC traces from 
the high-molecular-weight fraction are shown in Figure 1. The 
criterion used for identifying peptide species whose expression 
was altered in AD was that the range of peak heights between 
AD and control cases did not overlap. This highlighted peptides 
that were either increased or decreased in AD. Only the high- 
molecular-weight peptides contained species that met this cri- 
terion. The profiles ofthe peptides present in the low-molecular- 
weight material were very similar between the groups, which is 
consistent with the inherent reproducibility of peptide analyses 
on RP-HPLC (Slemmon and Flood, 1992). In contrast, the pep- 
tide profiles of the high-molecular-weight species were consis- 
tent within subject groups, but not between AD and control. Of 
the just under 100 high-molecular-weight peptide species that 
could be resolved per sample, 15 were elevated as a function of 
AD (Table 1). The positions of these peaks on the RP-HPLC 
chromatograms are summarized in Figure 2. None of the pep- 
tides were reduced in the AD samples; however, minor peptide 
species that become reduced in the presence of increased peaks 
are difficult to detect in an HPLC-dependent system such as the 
one employed. 

Identification of the peptides that were elevated in AD in the 
high-molecular-weight peptide fraction 
One of the major advantages of using RP-HPLC to examine 
tissues for molecular changes is that the peaks are already iso- 
lated and amenable to amino-terminal sequencing. Generally, 
the only extra step may be the generation of fragments of the 
parent peptide, if sequencing intact peptide is unsuccessful. Ta- 
ble 1 shows the sequences obtained from tryptic fragments and 
the identification of the protein that contains that sequence. 
Because of limited material or failure of the purified intact pep- 
tide from the screening to yield sequence directly, amino-ter- 

minal sequence was obtained only from the hemoglobin-derived 
peptides. Figure 3 shows the alignment of these amino-terminal 
sequences with the hemoglobin polypeptides from which they 
were derived, thereby locating their position of cleavage. In 
some cases, amino-terminal sequence from the hemoglobin- 
derived fragments is combined with the sequence ofcorrespond- 
ing tryptic fragments to yield a single contiguous sequence. All 
sequences determined were exact matches for their correspond- 
ing source polypeptides as retrieved by searching the GenBank 
and EMBL data bases (Devereux et al., 1984). 

Of the 15 peptides that showed elevated expression, 9 were 
specific fragments of hemoglobin (Fig. 3). Six were derived from 
the a-chain and three were from the P-chain. Four of these 
sequences were derived from the same or similar positions on 
either (Y- or P-hemoglobin, near residue 35 in both polypeptides. 
Three more were cleaved from positions on the intact hemo- 
globin just after residue 100, within a conserved hydrophobic 
domain. The remaining two peptides represented the amino 
terminus of the a-chain and a structurally unrelated cleavage 
site near the middle of the P-sequence (Hb7). The peptide con- 
taining the amino-terminal sequence of a hemoglobin (Hbl) is 
most likely a smaller fragment, as judged by its early elution 
time (see Fig. 2) and the expected hydrophilic nature of a frag- 
ment from this region of the parent polypeptide. The only strik- 
ing feature of the primary structure around the amino-terminal 
cleavage sites for these fragments is the preference for a hydro- 
phobic amino acid residue on the amino-terminal side of the 
cut. Four of the cleavage sites are after leucine, three are after 
methionine, and one more is after phenylalanine. The cleavage 
sites near the amino terminus are all at hydrophobic residues 
that are adjacent to a basic residue, which in all cases was ar- 
ginine. 

Of the six peptide species that were not hemoglobin derived, 
two were related to calmodulin, two were related to myelin basic 
protein, one was related to 67 kDa neurofilament protein, and 
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Figure 4. Identification of intact hemoglobin (Y and p by comigration 
analysis on RP-HPLC. Human hemoglobin was prepared in the same 
manner that tissue peptides were extracted and the resultant denatured 
(Y- and p-chains were purified on RP-HPLC. Identification of the poly- 
peptides was achieved by obtaining 10 cycles of Edman sequencing 
information on each peptide peak. These peaks were then individually 
added to aliquots of one of the samples of high-molecular-weight pep- 
tides shown in Figure I I. Of the peaks under study, none comigrated 
with either intact a- or P-hemoglobin. The peak in A that comigrated 
with p-hemoglobin was submitted for sequencing and yielded a major 
sequence that was unknown and a minor sequence starting at residue 
I for P-hemoglobin. Intact a-hemoglobin is a smaller shoulder that eluted 

just ahead of peak Hb9. 

the last one was from PEP- 19 (Ziai et al., 1986). The elution 
times of the PEP- 19 and calmodulin-related peptides within the 
HPLC profiles strongly suggest that these peptides are the intact 
parent protein. The structural difference between the two cal- 
modulin peaks is unknown and amino-terminal sequencing was 
unsuccessful on intact material from these peptides. 

Identification of intact cy- and P-hemoglobin polypeptides on 
RP-HPLC 

It was also ofinterest to determine how much intact hemoglobin 
was present in the tissues, since the vasculature could contribute 
a considerable amount of this material to the peptide profile. 
The positions of the intact hemoglobin chains were determined 
by observing the migration of these polypeptides within sepa- 
rations of the high-molecular-weight peptides from the cere- 
bellar samples. As can be seen in Figure 4, the intact sequences 
from hemoglobin do not coelute with any of the peptides under 
study. The a-hemoglobin sequence migrated just ahead of pep- 
tide Hb9, and the P-hemoglobin polypeptide comigrated with 
a larger peak that appeared stoichiometrically more abundant 
than the a-chain. This anomaly was explained by submitting 
the apparent @-hemoglobin peak to amino-terminal sequencing. 
A minor sequence was obtained for intact p-hemoglobin, but 
the major sequence belonged to an unknown polypeptide. It 

0 Control 

0 
Hbl Hb2 Hb3 Hb4 Hb5 Hb6 Hb7 Hb8 Hb9 

Figure 5. Comparison of the relative change between control and AD 
cases for the hemoglobin fragments. Hbl and Hb9 are a-hemoglobin- 
derived fragments and represent the greatest differences between AD 
and control subjects for this polypeptide. The only fragment from 
P-hemoglobin with a similar difference was Hb2, which is cleaved from 
nearer the carboxyl terminus of that polypeptide. This site in the native 
polypeptide is located in the middle ofa very hydrophobic region, which 
would not be expected to display itself near the surface where proteases 
could have access. Error bars are SD. 

appeared that the peptide peak that comigrated with P-hemo- 
globin was primarily a nonhemoglobin peptide, with P-hemo- 
globin contributing a late eluting shoulder to this peak. It was 
apparent that relative to the intact hemoglobin polypeptides, 
the fragments of hemoglobin were also reasonably abundant. 
This may be a result of the red blood cells in the cerebellar 
vasculature draining postmortem, causing the fragments in the 
tissue to become proportionately more enriched. 

Comparison of changes in hemoglobin fragmentation as a 
function of AD 

Alterations in protease activities have been suggested to be part 
of the pathophysiology of AD in an increasing number of stud- 
ies. Because of this, it was of interest to identify the cleavages 
that were most affected in the AD cases. Figure 5 displays the 
levels of specific hemoglobin fragments in the AD cases relative 
to their levels in controls, along with the standard deviations 
of the means. This comparison identified hemoglobin fragments 
Hbl and Hb9, shown in Figure 3, as having the greatest differ- 
ence for cleavage on the a-hemoglobin polypeptide in AD. Since 
hemoglobin fragment Hb 1 is presumably short, and its relative 
change is similar to that of fragment Hb9, it may be the amino- 
terminal portion of hemoglobin fragment Hb9. The most prev- 
alent cleavage site on the P-chain corresponds to fragment Hb2, 
cleaved near the carboxyl terminus of P-hemoglobin. The only 
peculiarity for cleavage at this site is that the hydropathic plot 
indicates the site to be an internal domain, which should not 
be readily available to proteases unless the molecule were first 
denatured. This may eventually offer a clue to the sequence of 
events that generates the fragments from functional hemoglobin. 

Localization of hemoglobin-like immunoreactivity in 
cerebellum 
That intact o(- and P-hemoglobin contributed relatively small 
amounts of peptide to the profiles, compared to the level of the 
fragments, was interesting. The vasculature could be expected 
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to contribute significant amounts of intact hemoglobin poly- 
peptides if large numbers of red blood cells were present. Post- 
mortem delay might explain the increase in hemoglobin frag- 
ments over intact sequences except that the average delay for 
the controls was 16% longer, and these samples contained sys- 
tematically lower levels ofthe fragments. Also, very few peptides 
were observed to change as a function of postmortem delay 
when this parameter was examined in studies carried out in 
whole rat brain (Slemmon and Flood, 1992) where red blood 
cells were almost certainly present. 

Localization of human hemoglobin-like immunoreactivity, 
using antibodies raised in rabbit, indicated that relatively few 
red blood cells remained in postmortem cerebellum blood ves- 
sels, thereby at least partially explaining the low levels of intact 
hemoglobin polypeptides (Fig. 6). Presumably, much of the blood 
drained from the cerebellum postmortem. The localization fur- 
ther showed patches of hemoglobin-like immunoreactive ma- 
terial on blood vessel walls and staining of about 2040% of the 
granule neurons. The similarity in the intensity of hemoglobin- 
like immunoreactivity around these neurons compared to that 
of the red blood cells suggested that considerable peptide had 
been deposited (Fig. 6.4). At higher magnification (Fig. 6F) the 
deposit appeared to localize to granule cell membranes. Con- 
sistent with the RP-HPLC data, similar staining was observed 
in age-matched controls, but appeared to be generally less in- 
tense (Fig. 6B). In contrast, a 36-year-old control cerebellum 
showed evident vessel wall localization, but no granule cells 
were decorated (Fig. 60). Hemoglobin-like staining was elim- 
inated by first preabsorbing anti-hemoglobin IgG with solid- 
phase hemoglobin (Fig. 6C). These results are consistent with 
the interpretation that the appearance of hemoglobin-like ma- 
terial in the parenchyma is not only dependent on processes 
associated with AD, but to a lesser extent on those associated 
with aging. 

Producing antibodies in rabbits to highly conserved proteins 
such as hemoglobin can be expected to present special problems. 
Figure 7 shows the comparison ofhuman and rabbit hemoglobin 
polypeptides. The p-chains are nearly identical whereas the 
a-chains show more divergence. This can be expected to bias 
antibody titers toward peptide sequences derived from the ami- 
no-terminal half of the a-hemoglobin polypeptide. This situation 
has the potential for allowing restricted immunocytochemical 
localization of the hemoglobin fragments. It was also observed 
that human hemoglobin caused significant background staining 
ofgranule neurons when exposed to the tissue sections (Fig. 6E). 
This, and the potential for interference by rabbit hemoglobin 
present in the antisera, was the reason that purified IgG was 
used in place ofwhole sera. Preadsorption controls were accom- 
plished by using solid-phase hemoglobin, thereby avoiding the 
problem of exposing the tissue sections to hemoglobin (Fig. 6C). 

Western blot analysis of crude human cerebellar proteins us- 
ing the anti-hemoglobin sera employed for the present study is 
demonstrated in Figure 8. The homogenates showed only the 
hemoglobin band at approximately 16 kDa. The supematants 
contained a minor band at 22 kDa whose identity is unknown. 
Since the band is not present in the homogenates, it is likely to 
be a hemoglobin adduct formed during supematant production 
such as a mixed disulfide or oxidized hemoglobin polypeptide 
(Dafre and Reischl, 1990). The Western blotting analysis of 
human cerebellar proteins indicated that the anti-human he- 
moglobin sera used in this study appeared to be primarily di- 
rected toward hemoglobin. The results of the immunocyto- 

chemical studies using this antisera were also in general agreement 
with the predicted amount of hemoglobin protein present in the 
tissue as demonstrated by peptide analysis. 

Discussion 
RP-HPLC was used for analyzing differences in peptide com- 
position between AD and control subjects because proteolytic 
processing and the deposition of peptides are central features in 
this disease (Selkoe, 199 1). The data presented here have high- 
lighted multiple changes in peptide production in cerebellum 
that were affected by AD and identified hemoglobin as a sub- 
strate that displays increased proteolysis. Immunocytochemical 
localization of the hemoglobin-like immunoreactivity demon- 
strated that the granule cells are the primary site of deposition 
in the parenchyma and suggested that at least some hemoglobin 
sequences can evade the blood-brain barrier. 

Peptide analysis as a molecular tool 
The methodology used to develop the peptide profiles in the 
present study can be thought of as a general approach since it 
can be exploited to look for changes as a function of basically 
any biological paradigm. The protocol for preparing crude pep- 
tides for subsequent analysis in this study and the reliance on 
classical RP-HPLC limits the type of peptide that can be ex- 
amined to those that are low pH soluble and also at least mod- 
erately soluble in organic solvent. The low pH homogenization 
as a consequence, though, offers the advantage that it blocks 
artifactual proteolysis, so that the peptides recovered reflect 
products of endogenous peptide processing. The prefractiona- 
tion of crude peptides on size exclusion and ion-exchange chro- 
matography greatly enhances the number of species that can be 
resolved; however, the majority ofpeptides that can be observed 
are moderately abundant to abundant species (Slemmon and 
Flood, 1992). Fortunately, in terms of total cellular protein such 
species can still be minor, since small acid-soluble proteins and 
peptides are not the bulk of cellular protein (e.g., Slemmon et 
al., 1985). 

Other approaches commonly used for molecular studies, such 
as gel electrophoresis or cDNA analysis, cannot predict peptides 
produced by proteolytic processing. Also, many small proteins 
and most peptides are not well resolved on gels. As a conse- 
quence, peptide analysis studies are a unique addition to these 
and other techniques already in use for biological studies. Pep- 
tide analysis has an additional appeal in that it is well suited to 
automation; and a considerable technology is in place for ex- 
ploiting the characterization of peptides such as spray mass 
spectrometry or gas-phase sequencing. 

Changes in non-hemoglobin-derived peptides 

The non-hemoglobin-derived peptides identified in this study 
are indicative of changes within the cerebellum that are related 
to stress responses and changes in the dynamics of neuronal 
cytoarchitecture. The calmodulin polypeptides were increased 
19 1% and 420% over controls. PEP- 19, a putative calcium- 
binding protein (Ziai et al., 1986), was increased almost 300%. 
The involvement ofcalmodulin in stress responses is well known 
and its role as a calcium “muffler” in supporting cellular ho- 
meostasis is well characterized (e.g., Thomas et al., 199 1). Cal- 
modulin functions as a calcium-controlled modulator ofa broad 
range of cellular processes. Examples include the recovery of 
cell volume following hypo-osmotic stress (Pierce et al., 1989) 
the activation of protein kinase II and cytoskeletal alterations 
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Figure 6. Localization of hemoglobin-like reactivity with IgG against human (Y- and @hemoglobin. A, Localization in a B-year-old AD case (Fig. 
1 I). This section illustrates typical localization of hemoglobin-like staining in AD cases. Within the molecular layer (M) and granule cell layer (G), 
many blood vessels are immunoreactive (solid arrows). Within the granule cell layer many, but not all, granule cell neurons are labeled (open 
arrows). Protein A-purified total IgG from anti-hemoglobin sera was used at 5 &ml, as for the remainder of the panels. B, Localization in an g2- 
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year-old control case (Fig. IB). The pattern of staining in control cerebellum is similar to that seen in sections from AD cases. The intensity of 
staining, however, is generally less, which is consistent with the decreased presence of hemoglobin fragments in nondemented controls that can be 
seen in Figure 1. C, AD cerebellum section incubated with IgG from the same preparation used in A, only after it had been passed over a solid- 
phase hemoglobin column. Approximately 2% of total IgG absorbed to the hemoglobin column. The Row-through IgG from this column was also 
used at 5 &ml. Staining of blood vessels and granule cell neurons was effectively eliminated by the removal of anti-human hemoglobin from the 
total IgG pool. D, Localization in a 36-year-old neurologically normal case. Blood vessel staining is apparent, but unlike the older cases virtually 
no granule cells are immunoreactive. E, Section of control (73 year old, see Fig. 1C) cerebellum treated with intact hemoglobin followed by 3,3’- 
diaminobenzidine to show endogenous activity of hemoglobin and its affinity for some granule cells. No binding of hemoglobin to blood vessel 
walls was seen. F, High magnification of the localization of hemoglobin-like immunoreactivity in the case shown in A. Many granule cell neurons 
show a distinct halo of staining on their cell membranes. Scale bars: A-D, 50 pm; E, 50 pm; F, 10 pm. 

following ischemic insult (Onodera et al., 1990), the inhibition 
of Ca2+/phospholipid-dependent phosphorylation of proteins 
such as synapsin I and the d-subunit of the ACh receptor (Albert 
et al., 1984), or the phosphorylation of the AD amyloid protein 
by protein kinase C and Ca2+/calmodulin-dependent protein 
kinase II (Candy et al., 1988). Increased activity of calmodulin 
has also been suggested to be necessary for cellular death in 
cultured renal cells during anoxia (Schwertschlag et al., 1986) 
and for programmed cell death during the apoptosis of lym- 
phocytes (Dowd et al., 199 1). The increase observed in this study 
for calmodulin peptides in AD cerebellum is therefore suggestive 
of a condition that can promote cellular decay and is consistent 
with the increased presence of dystrophic Purkinje cells (Meh- 
raein et al., 1975; Mann et al., 1980) and senile plaques (Braak 
et al., 1989; Dickson et al., 1990; Mann et al., 1990) in this 
brain region in AD. 

Although mRNA for 68 kDa neurofilament protein has been 
reported to be relatively unchanged in AD cerebellum (Som- 

erville et al., 199 l), the results of this study indicated that at 
least one fragment of the protein was elevated by 283%. Myelin 
basic protein was also elevated 280% in AD, which is consistent 
with specific changes in the expression of structural proteins 
that are required for neuronal function. The extent to which 
neuron-associated proteins were found to be altered in AD cer- 
ebellum was further highlighted by the elevation of PEP- 19, a 
peptide found only in Purkinje and stellate cells in cerebellum 
(Ziai et al., 1986). Together, these measurements support the 
conclusion that neuronal metabolism in cerebellum is affected 
by AD pathophysiology. 

Studies suggest that hemoglobin potentiates nervous system 
damage 

It has been appreciated for some time that hemoglobin is as- 
sociated with increased insult to the nervous system after trau- 
ma. Acute introduction of this heme-containing protein can 
promote prolonged inflammation (Means and Anderson, 1983) 
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Figure 7. Comparison of a- and &hemoglobin polypeptides from hu- 
man (top rows) and rabbit (bottom rows). Immunocytochemical local- 
ization of antigens in tissue sections that are closely related to the specie 
in which the antibodies were developed can present special problems. 
It is reasonable to expect that the primary titers will favor the regions 
of greatest divergence. In this case, the localization of hemoglobin- 
derived peptides in Figure 6 would favor species that contain the amino- 
terminal half of a-hemoglobin. The remainder of the comparison showed 
that there are, for the most part, infrequent amino acid changes that 
would not be expected to elicit substantial immune recognition. 

or mediate cellular damage through its ability to catalyze lipid 
peroxidation (Sadrzadeh et al., 1984; Panter et al., 1985). He- 
moglobin has also been demonstrated to be toxic to cerebellar 
granule cells in primary culture (Sadrzadeh et al., 1987) at least 
in part through the heme moiety. The heme, however, is prob- 
ably not the only toxic component in the neurodegenerative 
process ofgranule cells. For example, both hemoglobin and met- 
hemoglobin show the same ability to promote the NMDA-me- 
diated depolarization of granule neurons in the presence of the 
nitric oxide donor nitroferricyanide (East et al., 1991). Since 
met-hemoglobin demonstrates seriously impaired heme func- 
tion, the equal potencies of the two forms of hemoglobin suggest 
that the action of hemoglobin can also rest in the polypeptide 
chains. 

Implication for accelerated movement of hemoglobin 
fragments 
One consequence of the proteolysis on the parent polypeptides 
of (Y- and &hemoglobin may be an accelerated translocation of 
these sequences into the parenchyma. Generally, peptides and 
proteins are not able to cross the blood-brain barrier. This, 
however, can be overcome by receptor-mediated processes (e.g., 
Banks et al., 1990), increased diffusion of peptides possessing 
hydrophobic characteristics (e.g. Banks and Kastin, 1985a) and 
smaller size (Raeissi and Audus, 1989) or the administration 
of aluminum (Banks and Kastin, 1985b). It could be expected 
that at least some of the hemoglobin fragments would diffuse 
more rapidly across the blood-brain barrier than the parent 
protein. An important question toward characterizing this pos- 
sibility will be to determine if the bulk of the proteolysis of the 
hemoglobin protein occurs in the blood, at the endothelial wall, 
or once the polypeptides have entered the parenchyma. Eryth- 
rocytes in patients with AD have been reported to contain more 
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Figure 8. Analysis of crude human cerebellar proteins with Western 
blotting. Lane A (AD, Fig. 1 G) and lane B (control, Fig. 1D) show the 
immunopositive bands produced by anti-human hemoglobin antisera 
(x 1000) on 100 pg of total protein. Lanes C (AD) and D (control) are 
soluble proteins recovered from a supematant prepared from parallel 
tissue samples to those used to prepare the homogenates. Lane E is 
purified hemoglobin standard obtained from a commercial vendor. The 
analysis showed hemoglobin dimer in the standard and a new band that 
appeared in the supematant after homogenization, in addition to the 
major bands at the position of hemoglobin polypeptide. The apparent 
difference in band intensity for hemoglobin in lanes C and D is most 
likely a Western blot artifact since the homogenates from the same cases 
do not indicate a difference. Hemoglobin can also show variations in 
band sharpness on electrophoresis in SDS. 

surface-bound IgG and display increased proteolysis of cellular 
protein (Bosman et al., 1991). Oxidative stress has also been 
reported to cause increases in erythrocyte degeneration (Leclerc 
et al., 1988). These conditions have the potential for increasing 
the production of hemoglobin fragments either in the blood 
plasma or at the endothelial wall. Such fragments could then 
diffuse into the parenchyma. 

Conclusion 
The analysis of peptide expression in cerebellum as a function 
of AD has provided information that is consistent with the 
expectation that this region is affected by the disease. The par- 
allel observations provided by the peptide analyses that elevated 
fragmentation of hemoglobin is occurring in AD along with 
changes in parenchymal cellular metabolism have suggested that 
proteolysis of proteins that originate in the periphery may be 
one mechanism by which brain regions can be subjected to 
stress. Such a process would then have the potential for influ- 
encing neuron survival. As a consequence it will be of interest 
to evaluate the levels of hemoglobin fragments, as well as other 
peptides, in brain regions that are more affected by AD. Of 
special interest will be to determine if the proteolysis of he- 
moglobin occurs in the vasculature, at the vessel wall, or in the 
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brain parenchyma, and whether these proteolytic fragments con- 
tribute to neurodegeneration in AD. 
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