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Nature of the Binding Site of Pyridoxal 5’-Phosphate to

Bovine Serum Albumin®

John A. Anderson,t Hsai-fei Wang Chang,] and Carter J. Grandjean$

ABSTRACT: In the reaction between equimolar amounts of
pyridoxal 5'-phosphate (PLP) and bovine serum albumin only
one pyridoxyl peptide was found following reduction at pH
4.2-4.4 and subsequent digestion with trypsin. The amino acid
sequence of the purified peptide was Ser-Leu-Phe-Glu-Lys-
Pro-e-(pyridoxyl)Lys-Lys. The presence of three lysine residues
at the PLP binding site is consistent with the substituted aldi-
mine structure as the species responsible for the 336-nm ab-
sorption peak of the PLP-albumin complex. The predomi-
nate species which absorbs at 330 nm in PLP-albumin-urea
solutions is a PLP-urea product. The absorbance peak at

Rridoxal 5'-phosphate binds to the e-amino group of ly-
sine in proteins (e.g., Kent er al., 1958). There are several
types of bound forms. One of these is the protonated Schiff
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330-336 nm is small and there is a large 413-nm peak immedi-
ately after addition of urea to the PLP-albumin mixture. It is
concluded that the PLP-albumin product with absorbance
maximum at 336 nm is unstable in urea. The fluorescence of
the 336-nm peak of PLP-albumin is quenched. Reaction of
the tryptophans of albumin with N-bromosuccinimide did not
affect the affinity, absorbance spectrum, or quenching of
fluorescence of the binding site. Nitration of exposed tyro-
sines with tetranitromethane (10.7 tyrosines/mole of albumin)
caused reduced binding of PLP to albumin. Quenching of fluo-
rescence may be due to interaction with tyrosine residues.

base, which has an absorption maximum in the 410- to 430-
nm region of the spectrum. In aspartate aminotransferase
(Hughes er al., 1962; Polianovsky and Keil, 1963; Morino
and Watanabe, 1969) the Schiff base may not be protonated
and the absorption maximum is shifted to the region of 360
nm. Finally, PLP! is bound in a form which absorbs maxi-
mally in the 330-nm region. This last species occurs in the
neutral pH region, is unaffected by carbonyl reagents and is

! Abbreviations used are: PLP, pyridoxal 5’-phosphate; PTH,
phenylthiohydantoin; TMN, tetranitromethane,
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nonreducible with sodium borohydride (Kent er al., 1958).
If the neutral solution in which the species is observed is ad-
justed away from neutrality, the solution becomes intensely
yellow, with the concomitant appearance of a peak in the
region of 410-430 nm (Kent et al., 1958). The yellow color is
due to the formation of a Schiff base. The Schiff base is re-
ducible by sodium borohydride and the PLP moiety is thereby
irreversibly bound to the protein. Structures which have been
proposed for the product with absorbance maximum near
330 nm are (a) the substituted aldimine (Kent et al., 1958), (b)
carbinolamine (Dempsey and Christensen, 1962), and (¢) non-
ionic H-bonded Schiff base in a hydrophobic environment
(Shaltiel and Cortijo, 1970) (Figure 1).

Dempsey and Christensen (1962) have demonstrated the
presence in bovine serum albumin (hereafter simply referred
to as albumin) of two sites with high affinity for PLP. One of
these sites (site I) has an equilibrium constant that is at least
an order of magnitude greater than the other site (site IT) and
has an absorption maximum at 332 nm in the neutral pH
region. This paper reports the isolation and characterization
of the primary binding site of PLP to albumin. The effect of
urea on site I and the fluorescent properties of site I are also
described.

Materials and Methods

¢-Pyridoxyllysine was prepared according to the method of
Dempsey and Christensen (1962). Escherichia coli alkaline
phosphatase, trypsin, albumin, PLP, carboxypeptidases A and
B diisopropylfluorophosphate treated to eliminate tryptic
and chymotryptic activities, and standards of PTH-glutamic
acid and glutamine were all obtained from Sigma Chemical
Co. 2,6-Dichloro-1,4-quinone-4-chloroimide was obtained
from Chemical Procurement Laboratories, Inc. Dowex 50X-2
and Dowex 1X-2 (both 200-400 mesh) were obtained from
J. T. Baker Chemical Co. The resins were cleaned according
to the method of Schroeder (1967) prior to their use. Ultra
Pure urea was from Mann Research Laboratories.

Borohydride reduction of equimolar PLP-albumin was per-
formed as described by Dempsey and Christensen (1962,
method 1, p 1114).

The trypsin digestion was accomplished by adjusting the pH
of the reduced material to pH 8.5 with 109 ammonium hy-
droxide and adding 3 & trypsin (w/w). The pH was brought to
8.5 by further additions of ammonium hydroxide during the
first 5 hr at room temperature. After this time the reaction
mixture was placed in an oven at 37° for 19 hr. After 24-hr
incubation with trypsin the pH did not change appreciably,
thereby indicating that the reaction was complete. Additional
trypsin added after 24 hr did not bring about further degrada-
tion. Following digestion the material was lyophilized, redis-
solved in a minimal amount of water, centrifuged, and re-
lyophilized.

Ton-exchange chromatography was carried out as follows.
The purification of the site I peptide was done by using suc-
cessively Dowex 50-X2 (200-400 mesh) and Dowex 1X-2
(200-400 mesh). In all of following operations light was ex-
cluded as much as possible in order to minimize photodecom-
position,

For cation column chromatography (Dowex 50-X2) the
lyophilized crude trypsin digest (7.7 umoles) was dissolved in
a minimal amount of 0.2 M ammonium acetate buffer (pH
4.3). The sample was applied to the column (1.9 X 80 cm)
which had been equilibrated with the starting buffer (NH,OAc,
0.2 M, pH 4.75). The column was then developed using a step-
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FIGURE 1: Proposed structures for PLP bound to protein in the form
with absorbance near 330 nm. (a) Substituted aldimine, (b) carbinol-
amine, and (¢) nonionic H-bonded Schiff base.

wise elution of the following buffer systems: (1) ammonium
acetate, 0.2 M, pH 4.75, 200 ml; (2) ammonium phosphate
0.3 M, pH 6.7, 200 ml; and (3) ammonium bicarbonate, 1.0 M,
pH 8.0, 200 ml. Fractions from Dowex 50 column chroma-
tography which showed significant absorbance at 330 nm were
pooled, lyophilized, and the residue redissolved in 0.1 M tri-
ethylamine acetate at pH 9.4. The solution was then applied
to a column (1.3 X 56 cm) of Dowex 1X-2 which had been
equilibrated with 0.1 M triethylamine acetate (pH 8.9). The
column was subsequently developed using a linear gradient of
0.4 M acetate (pH 5.0) into the 0.1 M buffer at pH 8.9. Fractions
of 2 ml were collected and again each fraction was checked for
absorbance at 280 and 330 nm.

The final purification of the pyridoxyl peptide was achieved
by Strausbauch’s and Fischer’s (1970) method using E. coli
alkaline phosphatase on the 5’-pyridoxyl peptide. The pooled
fractions from the Dowex 1 column were lyophilized and the
dried material was redissolved in 3 ml of 0.05 M ammonium
bicarbonate (pH 8.2). The amount of 5'-P-pyridoxyl peptide
was approximately 2 umoles. This solution was treated with
125 ug of phosphatase for 2.5 hr at room temperature and
subsequently lyophilized. This sample was then fractionated
on Dowex 1X-2 exactly as before.

Amino acid analysis was performed on a Beckman 116
amino acid analyzer according to Spackman et al. (1958). The
samples were hydrolyzed in vacuo in constant-boiling HCI at
110° for 24 hr. During this time there is a 6 %] loss of serine
and a 289 loss of e-pyridoxyllysine. Upon hydrolysis the e-
pyridoxyllysine decomposes into lysine and other unidentified
products (Forrey, 1963). However, the decomposition prod-
ucts do not interfere with the analyses. The above corrections
were used in all subsequent hydrolysate analyses.

The analysis of e-pyridoxyllysine was performed on the
standard column for basic amino acids (0.9 X 7 cm) using
Beckman’s custom resin PA-35. The flow rate of the sodium
citrate buffer (0.13 M, pH 5.30) was 68 ml/hr. Under these
conditions the e-pyridoxyllysine is eluted after lysine in the
same position where histidine is eluted.

The subtractive Edman procedure by Konigsberg and Hill
(1962) was modified and used for all N-terminal amino acid
analyses. All analyses were done in triplicate, and all reagents
were purified prior to their use. The phenyl isothiocyanate was
redistilled just prior to each set of degradations. The modified
procedure as used in this investigation was as follows. Ap-
proximately 10-20 nmoles of the pyridoxyl peptide was allotted
for each degradation. A suitable amount of dried sample was
dissolved in 0.3 ml of buffer which contained 50%; aqueous
pyridine and 2% triethylamine (pH 9.2). The solution was
flushed with nitrogen and nitrogen was left above the solution.
To this mixture was added 10 ul of freshly distilled phenyl
isothiocyanate and the mixture was flushed again with nitro-
gen, The sealed system was then allowed to react for 2 hr at
room temperature after which time the solution was evapo-
rated almost to dryness under vacuum. The material was
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FIGURE 2: Elution pattern for column chromatography of the trypsin
digest of the albumin-PLP complex (1:1, v/v), reduced with sodium
borohydride at pH 4.4. Column is 1.9 X 80 cm of Dowex 50X-2.
Elution is described under Methods. Fractions of 5 ml were collected
(——) Absorbance at 280 nm; (---) absorbance at 330 nm.

extracted four times with benzene, and the last traces of ben-
zene were removed by a high vacuum for 5 min. The phenyl-
thiocarbamyl peptide was reacted with anhydrous trifluoro-
acetic acid at room temperature for 1 hr. Precautions were
again taken to exclude oxygen from the system. The trifluoro-
acetic acid was removed by vacuum and the resulting material
was exposed to 1 ml of 0.2 M acetic acid at 40° for 10 min. The
final products were extracted three times with ethyl ether and
twice with ethyl acetate. The excess ethyl acetate was evapo-
rated from the aqueous phase and a suitable aliquot was taken
for amino acid analysis.

Digestion with carboxypeptidases A and B was used to deter-
mine the amino acid sequence from the C-terminal portion of
the peptide. The incubation proceeded at 37° in 0.5 ml of 0.2
M collidine buffer. At different periods of time a single tube
was taken, the buffer removed and the dried material was
redissolved in water and run directly on the amino acid ana-
lyzer.

Spectrophotometric and Fluoromerric Determinations, All
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FIGURE 3: Elution pattern for column chromatography of the col-
lected, lyophilized and redissolved material from cation exchange.
Column is 1.3 X 56 cm of Dowex 1X-2. Elution is described under
Methods. Fractions of 2 ml were collected.
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FIGURE 4: Elution pattern for column chromatography of the col-
lected material from anion-exchange column and subsequently
digested with alkaline phosphatase as described under Methods. The
column and its development are identical as described for Figure 3.

determinations were at room temperature, The PLP-albumin
and PLP-albumin-urea mixtures were incubated 6 or more hr
at room temperature before use to ensure that reaction was
complete. The buffer was 0.1 M sodium phosphate (pH 7.5).

Results

Trypsin digestion of the reduced albumin-PLP complex re-
sulted in only one peptide which contained the pyridoxyl
moiety. A small sample of the trypsin digest was analyzed by
high-voltage electrophoresis on Whatman No. 3MM paper
in a buffer system consisting of pyridine-acetic acid-water
(1:2:250, v/v) at pH 4.4. Detection of the pyridoxyl peptide
was made by observing its characteristic blue fluorescence
and its reaction with 2,6-dichloro-1,4-quinone-4-chloroimide.

Purification of the Pyridoxyl! Peptide. The observation of
only one pyridoxyl peptide after electrophoresis is supported
by the appearance of only one peak that has any significant
absorption in the 330-nm region. In Figure 2 is shown a typi-
cal elution pattern for the cation column chromatography. It
is apparent that only one major peak has any significant
absorbance at 330 nm and the fractions that were pooled are
indicated. A partial pH gradient is also shown which shows
that the pyridoxyl peptide is eluted at about pH 6.9.

The combined material from the cation-exchange column
was applied to the anion exchange column and developed.
Figure 3 shows a typical elution pattern for this chromatog-
raphy. Again only one major peak which has any significant
330-nm absorbance is indicated. However, the absorbance at
280 nm indicates appreciable contamination from other pep-
tides.

After digestion with phosphatase, the Iyophilized sample
was developed on the anion-exchange column as described
above. A typical elution pattern of the phosphatase-treated
peptide mixture is shown in Figure 4. Since the pyridoxyl-
containing peptide has lost the negatively charged phosphate
group, it is eluted at a higher pH (8.0). The now obvious con-
taminating peptide emerges at approximately the same pH
(6.7) as it did previously. The fractions that were collected as
indicated were subsequently lyophilized and the purity of the
final product was determined.

Upon high-voltage electrophoresis of the final product only
one ninhydrin-positive spot was observed, and upon amino
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TABLE I: Digestion of Pyridoxyl Peptide with Carboxypepti-
dase (A and B).s

Residues in Integrals
hr of Incubation with

Acid .
Hydrolysate: Carboxypeptidase
Residuet (Integrals) 0.3 1.0 1.5 6
Lys 1.994 0.22 0.62 1.07 0.97
e-(PyridoxyDlys 0.89¢ 0.00 0.36 1.01 1.00

« Digestion was carried out using 5 ug each of carboxy-
peptidases A and B per 10 nmoles of peptide. ¢ All other
residues in the peptide were not released at all and are omitted
from the table. ¢ Represents 10 nmoles of the peptide which
has been hydrolyzed in constant-boiling HCI for 24 hr at
110°, 3 Corrected for conversion of e-(pyridoxyl)Lys into Lys
and other products (see Methods). Integrals were calculated
dividing the number of moles for each acid as taken from
the analyzer by the average number of moles per residue in
the peptide.

acid analysis an integral number could be assigned to each
amino acid present in the peptide. These results indicated that
the peptide was almost free from contamination.

The amino acid composition of the pyridoxyl peptide showed
it to be rich in lysine. The composition was found to be Lys?,
e-(pyridoxyl)Lys,Ser,Glu,Pro,Leu,Phe. Hydrolysis from the
C-terminal end of the peptide using the carboxypeptidases
was limited to 1 mole each of lysine and e-pyridoxyllysine.
The results of this digestion are shown in Table I. A possible
explanation of the inability of carboxypeptidases A and B to
release any more amino acids is that the C terminus, proline
is adjacent to a lysine residue (Shepherd et al., 1956 ; Hirs et al.,
1960). The results show that the sequence at the C-terminal
end H:N-Pro(?)-e-(pyridoxyl)Lys-Lys-COOH.

Analysis from the amino-terminal end of the peptide by the
subtractive Edman procedure is shown in Table II. The amino
acids in italics were those which were presumed to be N
terminal at each stage of the procedure. The amino acid anal-
yses for the peptides remaining after each stage of the degrada-
tion were normalized by assuming that the average amount of
amino acid (in nanomoles) represented an integral number of
each residue. The entire amino acid sequence was determined
with seven steps of the Edman procedure. The sequence
is therefore H,N-Ser-Leu-Phe-Glx-Lys-Pro-e~(pyridoxyl)Lys-
Lys-COOH.

Because the “subtractive” Edman procedure was used, and
the use of carboxypeptidases A and B was halted after releas-
ing only two residues, it was not possible to assign glutamic
acid or glutamine positively to the sequence of the peptide.
Therefore, the PTH derivative from the fourth step in the
Edman degration was saved and purified further. The purified
PTH derivative was then compared with authentic samples of
PTH-Glu and PTH-GIn in the following way. The unknown,
along with the two standards were chromatographed on fluo-
rescent silica gel using solvent E devised by Edman and Sj6-
quist (1956). Following development of the silica gel plate,
the spots were located by observing the fluorescence quenched
regions The Ry value of the unknown turned out to be almost
identical with that for PTH-Glu (0.70) as opposed to that
for PTH-GIn (.30).

TABLE II: Edman Degradation of Pyridoxyl Peptide.=

€=

Step (Pyridoxyl)-
No. Ser Glu Pro ILeu Phe Lys Lys

0 0.8 1.00 0,93 1.00 1.06 2.17 0.97

1 0.14 1.07 1.02 1.00 0.99 2.09 0.87

2 0.19 092 1.06 0.06 1.00 2.20 1.03

3 0.10 1.01 096 0.05 0.16 2.12 1.02

4 005 000 0.8 0.00 0.10 1.98 1.00

5 0.04 003 1.00 004 0.11 1.18 0.93

6 0.00 003 0.00 0,00 0.11 1.09 1.01

7 000 001 0.00 002 0.05 1.11 0.15

a Integrals were calculated as described under footnote 4
in Table I.

From the data resulting from the Edman degradation and
digestion with carboxypeptidases A and B there appears to be
no ambiguity in the amino acid sequence of the pyridoxyl pep-
tide as being H,;N-Ser-Leu-Phe-Glu-Lys-Pro-e-(pyridoxyl)-
Lys-Lys-COOH.

Albumin with PLP bound at site I by reduction with boro-
hydride was digested with pepsin according to the procedure
of Weber and Young (1964), and then fractionated according
to the procedure of Peters and Hawn (1967). The fractions
containing “Asp’’ fragment and “Phe” fragment were nega-
tive for the pyridoxyl moiety. Since these two fragments are
from the N-terminal and C-terminal portions of albumin,
site I must be located in the interior of the polypeptide chain.

The difference spectrum of 1:1 PLP-albumin vs. albumin
is shown in Figure 5. Besides the absorbance peak at 336 nm
there is an additional peak at 253 nm. With varying PLP con-
centration the ratio 4ss3/ 433 was constant with a value of 2.2.
The peak at 253 nm is therefore due to site I.

A shoulder in the difference spectrum appeared consistently
between the 253- and 336-nm absorbance peaks. When these
peaks were subtracted from the difference spectrum with the
DuPont curve resolver, a peak was obtained with absorbance
maximum at 280 nm.

The absorbance at 413 nm was consistently more in 6.0 M
urea than in the absence of urea at pH 7.5 (Figure 5). When

2\ ABSORBANCY

300

FIGURE 5: Difference spectra of PLP-albumin mixtures. Spectra
were measured with the Cary 14 spectrophotometer with 1-mm path
cells. (——) Reference cell, PLP-albumin; sample cell, albumin®
(-----) Reference cell, PLP-albumin-urea; sample cell, albumin-urea.
Concentrations were 3.3 X 1074 M albumin and PLP and 6.0 M urea
in 0.1 M sodium phosphate (pH 7.5).
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FIGURE 6: Change in absorbance with time after addition of urea to
1:1 albumin~-PLP. At zero time, 1.7 ml of 9.3 M urea in 0.05 M
sodium phosphate (pH 7.5) was mixed with 0.3 ml of 8.3 X 10-¢
M albumin, 8.3 X 1074 M PLP, in 0.05 M sodium phosphate (pH 7.5).
Final concentrations were 1.2 X 10~¢ albumin, 1.2 X 10~ M PLP,
and 7.9 M urea. The PLP-albumin mixture was incubated overnight
at room temperature before addition of urea. Absorbance was mea-
sured against a reference sample which contained 1.2 X 107¢ M
albumin and 7.9 M urea. The instrument was a Bausch & Lomb
Spectronic 600 spectrophotometer. Temperature was 25°.

the absorbance at 413 nm was determined as a function of
pH, it was found that maximum absorbance at 413 nm was at
pH 9 and that there was little absorbance at this wavelength
below pH 7. When absorbance at 413 nm was measured as a
function of urea concentration at pH 7.5, an increase in ab-
sorbance was observed as the concentration of urea increased
from 3 to 5 M. This is about the concentration range of urea
which would cause denaturation of albumin.

If the absorbance was measured immediately after mixing
urea and equimolar PLP-albumin, a large peak at 413 nm was
observed. The 330-nm peak appeared as a small shoulder on
the 413-nm peak. The absorbance at 330 nm rapidly increased
and the absorbance at 413 nm rapidly decreased (Figure 6).
The change in absorbance was complete in S hr. If the PLP-
albumin mixture was diluted with phosphate buffer instead of
urea solution, the increase in absorbance at 413 nm was not
observed. The increase in absorbance at 413 nm and decrease
at 336 nm occurred within 15 sec after addition of urea before
the first measurement of absorbance was made.

A 2:1 PLP-albumin mixture was reduced with borohydride
at pH 7.5. This results in binding of PLP to secondary sites
(site II) on albumin (Dempsey and Christensen, 1962). A
5.4:1.0 PLP-albumin mixture in 8.0 M urea at pH 7.5 was also
reduced with borohydride. After trypsin digestion and finger-
printing (Ingram, 1958) the pattern of pyridoxyl-containing
peptides was determined. There were three site Il peptides. In
urea, there were approximately ten peptides. The pattern was
similar if the ratio of PLP to albumin in urea was decreased.
None of the peptides corresponded to the peptide containing
the primary binding site.

A mixture of PLP and urea form a product with absorbance
maximum at 326 nm. The product does not have an absorb-
ance peak at 253 nm. This is consistent with the absence of a
253-nm peak in the PLP-albumin-urea cs. albumin-urea
spectrum shown in Figure 5. The association constant of
PLP for urea at pH 7.5 was measured from the decrease in the
PLP absorbance at 388 nm. The result was K = 2.2 M, € 6500
M lenrh

The fluorescence spectrum of the 1:1 PLP-albumin con-
jugate is shown in Figure 7. There was very little fluorescence
when the solution was excited in the region of the 336-nm
absorbance peak. In 8.0 M urea, there was an excitation maxi-
mum at 350 nm and an emission maximum at 410 nm. Urea
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FIGURE 7: Fluorescence spectra of PLP-albumin mixtures. Excitation
(left) and emission (right) spectra were measured with the Aminco-
Bowman spectrofluorometer. The spectra were not corrected for
variation in lamp intensity with wavelength. Concentrations were 3.3
% 10~¢ M albumin, 2.0 X 104 M PLP, and 8.0 M urea in 0.1 M
sodium phosphate (pH 7.5). P, PLP; A, albumin; U, urea.

plus PLP had excitation and emission maxima at the same
wavelengths. With the same amount of added PLP and albu-
min, the fluorescence intensity for PLP plus albumin in urea
was 709 of the intensity for PLP plus urea in the absence of
albumin. The results suggest that most of the PLP in 8.0 M urca
is bound to urea rather than to albumin.

The polarization of fluorescence was determined. The re-
sults were PLP plus urea (excitation 350 nm), 4-0.078; PLP
plus albumin plus urea (excitation 350 nm), --0.100; and
PLP plus albumin plus urea (excitation 422 nm), +-0.248. The
polarization of fluorescence with excitation at 422 nm is as-
sumed to be due to PLP bound as Schiff base to denatured
albumin. The polarization is high because of the larger size
of the fluorescing molecule. The polarization with excitation
at 350 nm for the PLP-albumin-urea mixture is much lower.
The fluorescence is therefore due to a smaller molecule, i.e., the
urea-PLP compound. The polarization of the 350-nm excita-
tion peak is slightly higher in the presence of albumin. This
may be due to binding of some of the urea~PLP compound to
albumin, to a small amount of PLP bound to site I of dena-
tured albumin, or to the greater viscosity of urea-albumin solu-
tion compared to urea alone.

The quenching of fluorescence of PLP bound to site I indi-
cates that the pyridoxyl phosphate group is interacting with
an amino acid side chain. The effect of compounds related to
side-chain groups which would be expected to quench the
fluorescence of the pyridoxyl moiety on the fluorescence of
pyridoxamine was determined. Compounds containing the
side-chain groups of amino acids were added to 3.3 X 10~7
M pyridoxamine in 0.1 M sodium phosphate (pH 7.5). The
concentrations and effects on fluorescence intensity (excita-
tion 350 nm, emission 390 nm) were: none, 0.42; histidine,
0.42 (0.10 M); mercaptoethanol, 0.37 (0.10 m); tryptophan,
0.23 (0.10 m); and phenol, 0.23 (0.10 m). Phenol and trypto-
phan partially quenched the fluorescence of PLP bound at
site I.

The possibility that the side chain was tryptophan was in-
vestigated. The two tryptophan residues of albumin were
oxidized with N-bromosuccinimide (Blackburn, 1968). The
reaction was proportional to the amount of N-bromosuccini-
mide added up to 709 reaction. With 15:1 N-bromosuccini-
mide-albumin, oxidation of tryptophan was 93 7 complete by
color with p-dimethylaminobenzaldehyde and decreased in
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fluorescence. The difference spectrum of PLP plus N-bromo-
succinimide-treated albumin vs. N-bromosuccinimide-treated
albumin was determined. The absorbance maximum was 336
nm and the absorbance was 987 of the absorbance for
untreated albumin. Fluorescence of the 336-nm peak was still
quenched. The results indicate that PLP does not interact with
tryptophan at site L.

To study the effect of modification of tyrosine on site I,
albumin was nitrated with TNM (TNM-albumin, 100:1).
From the absorbance at 428 nm at pH 10.6 (Malan and Edel-
hoch, 1970) the number of tyrosine residues modified per
molecule of albumin was found to be 10.7. Reaction of TNM
with albumin in the presence of a 1:1 molar ratio of PLP to
albumin had no effect on the number of tyrosine residues
modified. The difference spectrum of PLP plus TNM-treated
albumin vs. TNM-treated albumin had absorbance maxima at
388 nm and at 334 nm. PLP had absorbance maxima at pH
7.5 at 388 and 330 nm. From the absorbance spectrum it was
determined that 70 7 of the added PLP was free in solution.
The binding of PLP to albumin was therefore markedly de-
creased as a result of nitration of the tyrosine residues of
albumin,

Discussion

Structure at the Binding Site. The proximity of three lysine
residues suggests that the structure of PLP bound at site I of
albumin is the substituted aldimine (Figure 1, structure a).
With the lysine attached to the pyridoxyl phosphate group in
the isolated peptide involved in the substituted aldimine, two
structures are possible. One of the structures is shown in Fig-
ure 8, in which the lysine side chains on either side of proline
form the substituted aldimine and the C-terminal lysine
forms an ionic bond with the phosphate group. The reactions
involved in forming the reduced product are also shown. Alter-
natively, the substituted aldimine could form between the
adjacent lysines at the C-terminal end of the peptide, i.e.,
-Lys-Pro-Lys‘-Lys’- where the primed lysines form the sub-
stituted aldimine. The Corey-Pauling-Koltun models show
no appreciable steric hindrance in either substituted aldimine.
The results with analogs of PLP by Dempsey and Christensen
(1962) suggested that the 5'-phosphate is necessary for binding
to site I. The models indicate that the phosphate group can
contribute to the binding of PLP to albumin by the formation
of an ionic bond between one of its negatively charged oxygens
and the protonated e-amino group of the lysine that is not
involved in the substituted aldimine structure.

Upon acidification of the solution in order to form the
aldimine (Schiff base), one of the C-N bonds of the substituted
aldimine is broken. Only one peptide is produced that carries
the pyridoxyl moiety. Both of the C-N bonds cannot be
equally labile to acid because this will result in the production
of two different pyridoxyl peptides upon digestion with tryp-
sin. The unidirectional breakage of the C-N bond suggests
that stearic hindrance, ionic bond formation, and possible
interaction with tyrosine residues favor formation of the
Schiff base with the penultimate lysine residue to the exclusion
of the other two lysine residues. The alternate interpretation,
that PLP is bound to the penultimate lysine at pH 7.5 in the
form of structures b or ¢ of Figure 8, cannot be ruled out,
however.

Glutamate decarboxylase (Strausbach and Fischer, 1970)
has adjacent histidine and lysine residues and tryptophanase
(Kagamiyama et al., 1970) adjacent lysine residues at the PLP
binding site. Both enzymes have absorbance maxima near
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FIGURE 8: Proposed structure at the primary PLP binding site to
BSA. The structure involving covalent linkage of PLP with the e-
amino groups of lysines on either side of the proline residue is shown.
The other structure would involve the C-terminal and penultimate
lysine e-amino groups in covalent linkage to PLP.

335 nm at pH 7. The formation of a substituted aldimine at
the active sites of these enzymes is therefore possible. Glycogen
phosphorylase which has an absorbance maximum near 335
nm at pH 7, lacks a nucleophilic side chain adjacent to the
lysine to which PLP is attached (Nolan er al., 1964). PLP
bound to phosphorylase appears to be present as a Schiff base
with an intramolecular H bond between OH at position 3 and
Schiff base nitrogen (Shaltiel and Cortijo, 1970) (Figure 1,
structure c). It was proposed that bound PLP is buried in a
nonpolar environment, since glycogen phosphorylase at pH
7 and n-hexylamine—PLP in organic solvents have absorbance
maxima near 335 nm and fluorescence excitation and emission
maxima near 335 and 535 nm, respectively.

Glutamate decarboxylase at pH 7 has an absorbance and
fluorescence excitation maximum at 335 nm and an emission
maximum at 420 nm (Shukuya and Schwert, 1960). The fluo-
rescence and absorbance spectra are similar to those of pyri-
doxamine. Pyridoxamine and the substituted aldimine have
the pyridoxyl moiety and a single-bonded nitrogen at the 4’
position. Since pyridoxamine and the substituted aldimine
are structurally similar, the fluorescence spectrum of gluta-
mate decarboxylase is consistent with the substituted aldi-
mine structure for PLP at the binding site. Fluorescence of
PLP bound to albumin is quenched. Consequently, no com-
parisons can be made with the fluorescence spectra of glyco-
gen phosphorylase, glutamate decarboxylase, or model com-
pounds such as pyridoxamine. Christensen (1958) suggested
that the PLP-Leu-Gly-Gly product which absorbs at 330 nm
is the carbinolamine, structure b of Figure 1. The PLP-albu-
min product is different from the PLP-peptide product since
the PLP peptide lacks an absorbance peak at 253 nm.

The substituted aldimine was first proposed for PLP bound
to glycogen phosphorylase by Kent er al. (1958). The recent
results of Shaltiel and Cortijo (1970) suggest that this is not
the correct structure. However, the substituted aldimine must
still be considered as a strong possibility for glutamate de-
carboxylase, PLP bound to albumin, and tryptophanase.
Further studies will be necessary to clarify the structure at the
binding site of these proteins.

Quenching of Fluorescence. The absorbance maxima at 335
and 253 nm of PLP bound at site I are characteristic of PLP
derivatives which lack a double bond at the 4’ position (Peter-
son and Sober, 1954). The spectrum is consistent with the
substituted aldimine structure. Pyridoxamine, which has an
absorption spectrum similar to that of PLP bound to albumin,
and a fluorescence spectrum similar to glutamate decarbox-
ylase (Shukuya and Schwert, 1960), was used as a model for
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PLP bound to albumin. Phenol and tryptophan quenched the
fluorescence of pyridoxamine. Tyrosine and tryptophan resi-
dues are therefore implicated in the quenching of fluorescence
of PLP bound to site L.

The increase in absorbance at 280 nm in the PLP-albumin
es. albumin difference spectrum may be related to the peak at
280 nm in the difference spectrum of biotin plus albumin zs.
albumin and of fatty acid anions plus albumin vs. albumin
(Reynolds et al., 1968). Reynolds et al. (1968) concluded that
the increased absorbance near 280 nm was due to a red shift
in the tyrosine spectrum and that the results indicated inter-
action between tyrosine and the ligand in the absence of inter-
action with tryptophan. PLP does not interact with tryptophan
at the binding site since oxidation of tryptophan in albumin
with N-bromosuccinimide had no effect on the binding of
PLP to albumin or the quenching of fluorescence. Half of the
tyrosine residues in albumin were exposed to the reagent
TNM. Nitration of the tyrosine residues resulted in a marked
decrease in binding of PLP to albumin. The decreased affinity
suggests that tyrosine residues are involved in binding of PLP
to albumin. However, the effect could also result from change
in conformation at the binding site due to modification of the
tyrosine residues. The results suggest that the pyridoxyl phos-
phate group interacts with tyrosine groups of albumin and that
this interaction could contribute to the stabilization of the
PLP-albumin product and also account for the quenching of
fluorescence.

Effect Urea. The change in absorbance of 1:1 PLP-
albumin at pH 7.5 above 300 nm when urea is added (Figure
5) is not dramatic. This led Dempsey and Christensen (1962)
to conclude that the PLP-albumin product is stable in urea.
However, there are a number of properties of the PLP-albu-
min-urea system which are inconsistent with this conclusion
and favor the interpretation that the large absorbance peak at
330 nm is due to a urea~PLP product rather than an albumin-
PLP product. (1) The 253-nm peak of the PLP-albumin
product is absent in urea. (2) The 330-nm peak is essentially
absent soon after addition of urea to the PLP-albumin mix-
ture. (3) PLP reacts with wvrea to form a product with absorb-
ance maximum at 326 nm. (4) The fluorescence of the 330-nm
peak in albumin-PLP-urea is similar to the fluorescence of
the PLP--urea product. The PLP-albumin product in the
absence of urea is quenched. (5) The polarization of fluores-
cence of the 330-nm peak in the PLP-albumin-urea mixture is
similar to that of the PLP—urea compound and is lower than
the polarization of PLP bound as the Schiff base 1o albumin
in urea.

The presence primarily of the PLP-urea compound rather
than PLP at the primary binding site of albumin cannot be
due to competition between urea and albumin for PLP for the
following reasons. (1) With affinity constants for binding to
PLP of 2.2 and >10% M (Dempsey and Christensen, 1962) for
ured and albumin, respectively, the system in Figure 7 should
contain >5097 PLP bound at site I. This is clearly inconsistent
with the above observations, which indicate that PLP bound
to site I could not comprise more than 15 % of the absorbance
at 330 nm. (2) Within 15 sec after addition of urea to the PLP-
albumin product, there is a large peak at 413 nm and a very
small 330-nm peak. PLP is therefore bound as the Schiff base to
urca-denatured albumin and not to urea or to site I which both
absorb near 330 nm. This establishes the instability of site [
in urea solutions. The progressive increase in absorbance at
330 nm and decrease at 413 nm results from formation of the
urca-PLP product at the expense of the PLP-denatured albu-
min product. The spectrum of the PLP-albumin-urea mixture
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at equilibrium represents the urea~-PLP product absorbing
at 330 nm and PLP bound to albumin as the Schiff base ab-
sorbing at 413 nm. The fingerprint of the borohydride reduced
PLP-albumin-urea mixture indicates that PLP is bound as
the Schiff base to approximately ten sites on denatured aibu-
min. The loss of binding to site I with urea denaturation
suggests that the stearic requirements are strict. The effect of
denaturation could either be to separate groups necessary for
binding on different segments of the polypeptide chain, e.g.,
tyrosine and the three lysines, or to change the conformation
at the binding site so that the groups, e.g., the two lysines
proposed to be involved in formation of the substituted aldi-
mine, are not oriented properly for formation of the 336-nm
structure.
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On Self-Interacting Oligoribonucleotides. I. Absorption

and Optical Rotatory Dispersion of
2’-5’- and 3’-5’-Oligoguanylic Acids”

S. K. Podder

ABSTRACT: A series of 2’-5’-oligoguanylic acids are prepared
by reacting G(cyclic)p with takadiastase T, ribonuclease and
separating the products chromatographically. The 3/-5'-
oligoguanylic acids are obtained by separating the products of
alkaline degradation of 3’-5/-poly(G). The optical rotatory
dispersion and hypochromism of both 2/-5’- and 3’-5’-
oligoguanylic acids are studied at two different pH. The opti-
cal rotatory dispersion spectrum of 2/-5’-GpG is significantly
different from that of 3’-5’-GpG. The magnitude of rotation
of the long-wavelength peak of 2’-5’-GpG is larger than that
of 3'-5’-GpG. This finding contradicts the explanation that
the extra stability and more intense circular dichroism band of
other 3’-5’-dinucleoside monophosphates is due to H-bond
formation between 2’-OH and either the base or the phos-
phate oxygen. The end phosphate group has a marked effect
on the spectrum of GpG between 230 and 250 m. In addition
the optical rotatory dispersion spectra of 2/-5' exhibit strong
pH, temperature, and solvent dependence between 230 and
250 mu. AH and AS for order = disorder transition is esti-

T:e stacking interaction is shown to be major source of
conformational stability in helical polynucleotides (Van Holde
et al., 1965; Brahms et al., 1966). Tinoco and his coworkers
have shown that the optical properties such as absorption and
optical rotatory dispersion of polynucleotides, particularly
in the single-stranded conformation, is mainly influenced by
its nearest-neighbor residue. Thus optical rotatory dispersion
and absorption spectra of any single-stranded polynucleotide
of known sequence can be empirically calculated from the
corresponding measured properties of 16 dinucleotides (Can-
tor and Tinoco, 1965). Similarly the optical properties of
double helices of any defined sequence can be expressed in
terms of measured properties of the different dimer pairs
(Cantor et al., 1966). Jaskunas et al. (1968) have attempted to
obtain the optical rotatory dispersion of different dimer pairs
from the study of complexes formed between complementary
trinucleotides in 10~? M solutions in 0.1 M phosphate buffer
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ment of Biochemistry, Indian Institute of Science, Bangalore-12, India,

mated to be 9.7 kcal/mole and 35.2 eu, respectively. The
optical rotatory dispersion spectra of guanine-rich oligoribo-
nucleotides, GpGpC, GpGpU, GpGpGpC, and GpGpGpU
are compared to the calculated optical rotatory dispersion
from the semiempirical expression of Cantor and Tinoco,
using measured optical rotatory dispersion of dimers. Con-
trary to previous studies, agreement is found not at all satis-
factory.

However, optical rotatory dispersion of 3'-5'-GpGp-
GpC and GpGpGpU can be estimated from the semiempiri-
cal expression, if a next-nearest interaction parameter is intro-
duced empirically. Such interaction parameter can be cal-
culated from the measured properties of trinucleotide se-
quences like GpGpG, GpGpC, and GpGpU, assuming that
only the nearest-neighbor interaction is important. The optical
rotatory dispersion of single-stranded poly(G) is also pre-
dicted. The importance of syn—anti equilibrium and next-
nearest-neighbor interaction in oligoguanylic acids is suggested
as a probable explanation.

containing 0.5 M NaCl (pH 7.0). Under those conditions,
among the various trinucleotides studied, only GpGpC inter-
acts with itself to form large aggregates as well as with its
complementary GpCpC to form a series of higher order com-
plexes with an average stoichiometry of 2:1. These approaches
were then extended to the study of complexes between com-
plementary tetranucleotides as one would expect that de-
crease in the extent of aggregation with increasing chain
length might favor the formation of well-defined complexes
containing complementary base pairs. Contrary to our ex-
pectation, the optical rotatory dispersion of GpGpGpU and
GpCpCpA alone and of the mixture of the two indicated no
complex formation to have occurred under those conditions.
It has been shown later that GpGpGpU associates themselves
strongly even in 10~% M solution. The rates of formation and of
dissociation of such self-associated complexes of GpGpGpU
are extremely slow (compare rates of A-U and G-C base-
pair formation, Podder, 1971) and thereby limits the forma-
tion of complementary base pairs. When this work was under-
taken it was not known whether such slow rates are character-
istics of G-G base pairs or intercalated complexes. The pres-
ence of uracil residue at the end might cause unstacking
thereby favoring intercalation (Chan and Nelson, 1969). To
comment further, knowledge of physicochemical properties
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