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THE INTERACTIONS BETWEEN NUCLEIC ACIDS AND POLYAMINES

III. MICROSCOPIC PROTONATION CONSTANTS OF SPERMIDINE
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Changes in the NMR chemical shifts of protons adjacent to the nitrogen atoms of spermidine which are undergoing
protonation have been measured by two-dimensional heteronuclear coupled NMR. Data thus obtained measure the depen-
dence of the state of protonation of individual nitrogens on the pH. and permit calculation of the microprotonation constants
of spermidine and the concentrations of all of the variously protonated spermidine species present at any pH.

1. Introduction

The central role of spermidine in biochemical
processes hes led to considerable interest in estab-
lishing iis protonation sequence. This property
derives its significance from the general recogni-
tioir that many of the biochemical functions of
spermidine almost certainly depend on the charge
distribution of partially protonated species and on
the hydrogen bonding ability or acidity of the
protonated base centers. Attempis to establish this
aspect of spermidine’s chemistry by PC-NMR
[1-3}, by thermochemical studies [4,5] and by "*N-
NMR {3] are in some disagreement, and the values
of the microscopic protonation constants have not
been reported.

If the individual base sites of a polybasic mole-
cule differ sufficiently in basicity, they are proto-
nated sequentially, with each site being essentially

* To whom correspondence should be addressed.

0301-4622 /84 /S03.00 © 1984 Elsevier Science Publishers B.V.

fully protonated before the next is protonated
significantly. In spermidine, however, all three base
sites are of comparable basicity. There are multi-
ple parallel protonation pathways, and at each
point in the protonation sequence a number of
base sites are protonated to a significant degree,
Determination of the microscopic protonation
constants then requires an experimental measure
of the extent of protonation of each base site that
is insensitive to the extent of protonation of the
others. The first study of microscopic protonation
constants employed ultraviolet absorbance [5], but
most recent studies are based on NMR chemical
shift measurements. Previous studies of the proto-
nation of spermidine have employed *C-NMR
and '"N-NMR [1-3], but both of these technigues
have significant limitations. > C-NMR is troubled
by long-range effects in that protonation of a
given base center affects the chemical shifis of
carbons as much as five centers distant [7]. "N~
NMR is somewhat influenced by long-range ef-
fects [8] and it requires either isotopic enrichment
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or high sample concentrations. For example, in
their recent study. Takeda et al. [3] used a
spermidine concentration of 1.57 M.

In contrast to the limited use of *C-NMR and
Y N-NMR. 'H-NMR has proven to be very effec-
tive for determining the protonation sequence of a
number of types of compounds including amino
acids. tetracycline antibiotics and chelating agents
[9-12]. A major advantage of 'H-NMR over "*C-
NMR is that proton chemical shift changes with
protonation are largest at a-carbons, and decrease
rapidly with distance from the protonation site.
Thus. the chemical shift of the methylene protons
adjacent to a given base center constitutes a nearly
ideal measure of the extent of its protonation
[12-14}. Unfortunately. direct application of 'H-
NMR spectroscopy to determining the protona-
tion sequence of spermidine appears to be virtu-
ally impossible at present. since the proton chemi-
cal shifts of the four methylene groups adjacent to
the base sites of spermidine differ by only 0.12
ppm [15] a difference far too small to permit their
resolution by conventional "H-NMR. even at high
frequency.

Two-dimensional 'H-'*C correlated NMR
spectroscopy affords an attractive solution to this
problem [15]. Using this technique we have re-
solved the resonances of all the a-methylene pro-
tons of spermidine between pH 5 and 13, and have
analyzed the resultant 'H-NMR titration curves to
obtain the complete set of microscopic protona-
tion constants. In essence. the two-dimensional
technique correlates each proton with the carbon
to which it is bonded and separates proton reso-
nances according to the chemical shifts of the
corresponding carbons. Because the chemical shifis
of the carbons span a much wider range than do
those of the corresponding protons, the resolution
is much better than that obtainable by conven-
tional 'H-NMR. The principal limitation is that
because of the relatively low sensitivity of C-
NMR it is necessary to use a spermidine con-
centration of 0.1 M. At this concentration the
ionic strength of the test solution changed substan-
tially over the course of protonation. which re-
quired that we modify the method for calculating
the H™ concentration {from the measured pH.

2. Notation

Our notation for spermidine (I). which is shown
below, uses the notation of Kimberley and Gold-
stein [2] for the nitrogens. The stepwise macro-
scopic protonation constants are denoted K,, K,
and K,. Microscopic constants are denoted by
lower-case & terms. with subscripts to indicate the
sites of protonation. where the current proton
added is indicated by the last subscript.

a 3y 2 1 b 1 2 3 4 c
NH, CH, CH, CH, NH CH, CH, CH, CH, NH, )

3. Materials and Methods
3.1. Source and purification

Spermidine was obtained commercially as the
trihydrochloride salt and purified by recrystalliza-
tion thrice from 86-95% aqueous ethanol. It was
free of detectable impurities as judged by TLC
[16]).

3.2. Definition of pfH ]

Values of p[H™]. the concentration-based pH,
needed for the curve-fitting analysis, were ob-
tained in the following manner. The Corning
Model 135 digital pH meter was calibrated at
25 +£0.05°C using the NBS * standard buffers,
and all pH measurements were performed at this
temperature. To cocmpensate for the effect of the
10% *H,O content of the solutions used for NMR
measurements, 0.04 pH unit was added to each
such measured pH value. The ionic strength of the
0.1 M spermidine hydrochloride solutions, which
ranges from 0.3 for the completely neutralized
material (7=10} to 0.6 for the trihydrochloride
(#7=13), is too high to estimate the p[H*] by the
method of Hedwig and Powell [17,18]. Instead, we
used a version of the Davies equation [19] 1o
estimate the activity coefficient of H* in 0.1 M
spermidine hydrochloride at various stages of neu-
tralization. Eq. 1, for which the regression coeffi-

* NBS. National Bureau of Standards.
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cient is 1.000, reports the relationship of p[H*] to spectra contain 'H chemical shift information
pH established in this manner. along one axis (*C sweep width =2400 Hz). A
- typical contour plot is shown in fig. 1. Precise
H = (pH +0.04393) /1.0045 1 - R . R . .
PIHT]1=(p )/ () proton chemical shifts were determined digitally
hy the YT 200 comnuter nrocessor. Thev were
by the XL-200 computer processor. They were
3.3 NMR spectroscopy verified by hand positioning a cursor on CRT
displays of the optimized spectra. 1024 digitized
Proton spectra were secured by the two-dimen- points were used for the '*C dimension and the 'H
sional 'H-*C correlated NMR technique de- dimension was zero-filled to 512 points. Exponen-
scribed in the review u_y' Bax {20]. In sumimary, this tial line Uludueﬁiﬁg Ul 1.0-1.5 Hz was u‘;ed in
procedure uses paired pulse sequences [21]. The both dimensions. A Varian XL-200 NMR spec-
sequence for 'H is 90°-¢,—90°-decouple, where trometer with standard hardware and software was
1, is the delay time. From the same initial time, used; operating frequencies were 200 MHz for 'H
the pulse Sequence for VC follows a and 50 MHz for '*C. A spermidine concentration
Vo 180° —’1/’—’\’ sequence, where iy is £,= of 0.1 M in 10% 2HZO/HZG with dioxane as an
The interaction of excited 'H and *C nuclei re- internal standard was used throughout. The sam-
sults in the encoding of the 'H spectra in the '>C ple volume was approx. 2.4 ml. the tube diameter
spectra from which the two-dimensional spectra 10 mm and the probe temperature 20 &+ 1°C.
are generated. 256 individual '*C spectra of 128 Chemical shifts of the four a protons of 2§
transients each were taken with the deiay time ¢, samples, from pH 5.89 to 13.33, were measured in
being incremented between spectra. The spectral this way. The total proton chemical shift change
variation with respect to the change in r; becomes was 0.439 ppm at C-4, 0.490 at C-3", 0.580 at C-1
the basis for the Fourier transformatlon in the and 0.600 at C-1’. The normalized values of these
second dimension. The resulting-two-dimensional changes for protons at C-4, C-3' and C-1 were
— 26.37 — —-
s 9.63 — -
S §783C —_
—
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Fig. 1. Two-dimensional plot of chemical shifts (relative to tetramethylsilane (TMS)) of carbons and associated protons of spermidine;
pH 11.296. 0.10 M.
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used in the calculation of microsccpic constants.
and are plotted in fig. 2.

A ) VU e gee
4. Data analysis
4.1. Curve-fitting cons:derations

The method we used to estimate the micro-
scopic protonation constants of spermidine from
chemical shift-pH data is based on that used by
Hecwig and Powell [17.18] to estimate macro-
scopic constants of polyamines by fitting 77 vs.
plH*] plots. There are. however. three factors
which cause cetermination of the microscopic con-
stants of spcrmidine to be more difficult than that
of its m'arrn\x‘nnu‘ constants. Fus

three macroscopic protonation constants, but there
are 12 microscopic protonation constants. Second.
the microscopic constants are related to the mac-
roscopic constants. increasing the number of ad-

there are only

iustable parameters to 15. When the number of

justable paramster S to hen the number
adJuslabli parameters is this large. curve-fitting
methods lose much of their value. That is. the
derived constants may exhibit an excellent fit stat-
istically. but their physical significances becomes
que cstionabie. F IIIJ‘I}) determin iué the .uicroscopic
constants requires simultaneous fitting of three n

vs. p[H "] plots.
4.2. Curve-fitting merhod

Our approach to this problem has been to fit
the constants in three steps. In the first step. we
determine the three microscopic constants for ad-
ding the first proton, the three macroscopic proto-
nation constants, and complex combinations of
the remaining microscopic constants. In a second
step, we determine the three microscopic constants
for adding the last proton. the three macroscopic
protonation constants, and complex combinations
of the remaining microscopic constants. The last
tep is to calculate the six microscopic constants

< nd proton by using the rela-

=0
nk them to the previously estab-
and macroscopic protonation

lished mlLI‘LSLiDl
constants.
A brief outline of this approach showing the

form of the equations fitted to the data is given
below, using nitrogen N-a as an example. Making
the substitutions below in the conventional equa-
tions for 7, and &, reduces the number of adjust-

able parameters and yields egs. 2 and 3.
A = /\J(kah_‘- l\ak)
B=ky(kyn,+ky)

0.5(A+B+C)=K K,
A=k (RS + RRS)
B =k (kL + AL
Cr=hgi (ks + k5
D= (K['K3'K3Y)
0.5( A+ B +C') = (K2K3) "

Ak TH* arx+ 12, nraa+ 1

“l 1 lT/llll ] ‘Y‘Ulll 1 -

n, = > 3 2)
1+ K,[H*]+05(A+B+C)[H'"]"+ D[H* ]

- kpd{H' T+ A[H ]+ D"

3
[H* P+ K7 [H P +05(A+ B+ C)H" ]+ D’ &

Simultaneously fitting eq. 2 and the corresponding
expressions for i, and 7. to the experimemal
values of 71,. 7, and 7, yields K. K,. K;. k. ky,
and k. In a similar manner, simultaneously fitting
eq. 3 .md the corresponding expressions for A, and
k. to the experimental values of A, I, and h.
yields K,. K, and K, again along with k. A,
and A& ,..

To fit these equations to the data, we used the

t

so-called elliptical algorithm. also known as

space constriction method [22-26]. The ellipucal
algorithm is a type of nonlinear least-squares tech-
nique which is slower than that based on Newton’s
method. but more successful in fmdmg unique

~1o. PRI ey
solutions to curve-{

-.ﬁ

5. Results

Fio 92 ranmortg thoe d

i 55. a— ANQIVIERD RN u+] of the

Oi uUid

chemical shifts of the protons a to the three base
sites of spermidine. To minimize the influence of
long-range effects, the chemical shift of the pro-
tons of C-1 was used to monitor protonation of
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Fig. 2. Normalized chemical shift vs. p[H* ] plots for protens a
to N-a, N-b and N-c of spermidine. The data for N-b refer to
C-1. The letter next to each curve indicates the base site. The
limiting proton shift values for each base site in ppm relative to
TMS are as follows: N-a, 2.929. 2.439; N-b, 2.935. 2.355: N-c.

2.853. 2.414.

nitrogen N-b. The scatter at the high-p[H*] end of
the plots appears to be random as replicate values
secured after analysis of the data and not included
in the plot exhibit significantly less scatter.

The values of the macroscopic and microscopic
protonation constants of spermidine derived from
the NMR titration curves of fig. 2 are in tables 1
and 2, respectively. For comparison, table 1 also
reports the macroscopic protonation constants de-
rived using the method of Hedwig and Powell
[17,18] from the conventional pH titration of
spermidine under zonditions similar to those of
the nmr measurements. The six microscopic con-
stants governing the addition of the second proton
were not determined by curve fitting, but rather
from the relationships linking them to the three
macroscopic constants and the six other micro-
scopic constants, all of which had been determined
by curve fitting. Strictly speaking, therefore, the

Table 1

Macroscopic protonation constants of spermidine

Source log K, logk, logk; SOS*

pH titration **  16.96 9.91 8.51 7.5 %1073
NMR ¢ 11.02 10.02 8.57 1.87x10°2

* Spermidine concentration, 0.1 M.

b T =250+005°C.

¢ T=20x1°C.

Y SOS = (; ops — A, cate) s the number of 7, velues is 81.

Table 2

Microscopic protonation constants of spermidine

Constant log & *
K, 10.42
Ky, 10.58
ke 10.61
Ko 9.56
ac 10.37
Kby 9.41
k. 10.01
ks 10.18
k., 9.98
K e 9.57
koo 8.76
k 8.97

2 The SOS term is the same as for the NMR-based constants in
Table 1.

statistical estimates of the goodness of fit in table
2 do not apply to the six microscopic constants
defining the addition of the second protcn. The
smooth curves of fig. 2 are derived from the entire
set of microscopic constants, and across the entire
pH range the agreement between these curves and
the data points appears to be equally good. As
indicated by the sum of squares term, the
potentiometric titration data fit the macroscopic
constants significantly better than do the NMR
titration data. We suspect that a significant factor
is that the temperature control for the NMR mea-
surements was relatively poor { +1°C) relative to
that for the potentiometric measurements
(£0.05°C).

6. Discussion
6.1. Comparison with earlier work

Three earlier groups [1-3] have established cer-
tain aspects of the protonation seguence of
spermidine. Even though differences in tempera-
ture and ionic strength among the various studies
preclude quantitative comparison, the conciusions
differ sufficiently that qualitative comparisons are
of value.

Kimberley and Goldstein’s [2] conclusions,
which pertain to '*C-NMR at 31°C over a range
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of spermidine concentrations. agree closely with
ours. which refer to a spermidine concentration of
0.1 M at 20°C. Their values of the macroscopic
protonation constants for 0.078 M spermidine dif-
fer from our value for 0.1 M spermidine by no
more than 0.16 log units. and their estimates of the
fraction of each site protonated in 0.037 M
spermidine at the monoprotonated and diproto-
naied stages agree relatively well with the values
derived from our microscopic protonation con-
stants. They estimate #7_. i1, and 77, in monoproto-
nated spermidine to be 0.32. 0.32 and 0.43. respec-
tivelv, as compared to our estimates of 0.28. 0.30
and 0.41. The agreement is nearly as good for
diprotonated spermidine, for which Kimberley and
Goldstein's estimates of 1, 77, and a1, are 0.67.
0.42 and 0.86 and our estimates are 0.64, 0.50 and
0.86.

In contrast to Kimberley and Goldstein’s re-
sults and ours. Delfint et al. {1] concluded from
their '*C-NMR study that N-a and N-c are equally
basic and that up to ard including the diproto-
nated stage. protonation occurs only at these two
sites. That is. in monoprotonated spermidine, the
values of 77, i, and n, are 0.50. 0.00 and 0.50.
respectively, while in diprotonated spermidine. they
are 1.00. 0.00 and 1.00.

The conclusions of Takeda et al. [3], which are
based on both '*C-NMR and '*"N-NMR of 1.57
M spermidine. also differ substantially from ours.
The macroscopic protonation constants they de-
rived from '*N-NMR data agree reasonably well
with those they derived from *C-NMR data. but
are larger than ours by between 0.5 and 1.0 log
units. However. their estimates of the macroscopic
protonation constants determined by potentiomet-
ric titration of spermidine in a 0.1 ionic strength
medium are significantly lower, and in good agree-
ment with those of other workers [2.17.18.27]. They
suggested that at the high spermidine concentra-
tion in their NMR studies. intermolecular interac-
tions may enhance the apparent basicity. With
respect to the protonation sequence, they propose
that the first equivalent of protons binds exclu-
sively at N-c. the second at N-a and the third at
N-b. That is, at the monoprotonated stage, 7. 11,
and a1, are 0.0, 0.0 and 1.0. respectively. and at the
diprotonated stage the corresponding values are
1.0, 0.0 and 1.0.

F. Onasch et al. / Microscopic protonation constants: spermidine

A source of guidance in evaluating the various
protonation schemes proposed for spermidine is
the set of microscopic protonation constants for
spermidine derived from the protonation constants
of model compounds [27]. These values. which
apply to an ionic strength of 0.1 and a temperature
of 25°C, predict that in monoprotonated spermi-
dine n,. nn,, and 77, are 0.28, 0.31 and 0.40. respec-
tively, in excellent agreement with the values of
0.28, 0.31 and 0.41 calculated from the micro-
scopic constants we derived experimentally in the
present work. For diprotonated spermidine. the
agreement is not as good. the predicted values of
n,. f, and n_ being 0.75, 0.36 and 0.89. respec-
tively, as compared to values of 0.64, G.50 and 0.86
derived from our experimental microscopic con-
stants. Considering the simplicity of the model and
the difference between the conditions to which the
model and the experimental refer. the overall
agreement between the calculated and measured
sets of n values is quite reasonable. and it con-
stitutes strong if indirect support for our values of
the microscopic protonation constants of spermi-
dine.

6.2. Protonation sequence

Establishment of the microscopic protonation
constants allows calculation of the complete proto-
nation sequence of spermidine. The protonation
sequence derived from the microscopic constants
in table 2 is given in fig. 3 in the form of a
microdistribution diagram showing how the rela-
tive abundance of each protonated species de-
pends on p[H '] It is of interest that at pH 7.4,
92.8% of spermidine is triprotonated, 4.2% proto-
nated at both N-a and N-c. 2.4% protonated at
both N-b and N-c and only 0.6% protonated at
N-a and N-b. In the interactions of spermidine
with the ionized phosphate groups of nucleic acids.
spermidine species which are less than fully proto-
nated may not be significant. but in its interaction
with weaker bases they may well be important.

6.3. Interactions among buse sites

Because fig. 3 describes the protonation se-
quence in terms of individual protonated spermi-
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Fig. 3. Microscopic distribution dingram for spermidine calcu-
fated from the protonation constants in table 2. The labels next

to cach curve denote the sites that are protonated.

dine species, it does not indicate directly how the
extent of protonation at each base site varies
throughout the protonation sequence. This infor-
mation. which reflects the base-weakening interac-
tions among base sites, is given in fig. 4, which
reports how n,, B, and 7, vary with #. For com-
parison, the dashed line is the average of 7% . 1,
and 7, i.e., the behavior that would be observed if
at each stage in the protonation sequence all three

10
P
o8 ///’
< ,/’
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[e18 of . //"
(=3 o Phg -
e g
CA -~
// b
//
o2F
I ] [ [ I
0'%.0 05 1.0 L5 20 25 3.0

n
Fig. 4. The cumulative or integral basicities of N-a. N-b and
N-¢ of sperrmidine as influenced by 7. the overall extent of
protonation. The letter next to each curve denotes the base site.

base sites were equal in proton affinity.

Deviations of the individual 7, vs. i1 plots from
this hypothetical average behavior reflect the rela-
tive magnitudes of the base-weakening effects of
neighboring base sites. These in turn are governed
primarily by the number, distance, and protona-
tion states of the nearest neighboring nitrogens
[27]. Consistent with N-c¢ having only a single
nearest neighbor four carbons distanct. 72 is sub-
stantially greater than 5, or n, throughout the
protonation sequence. Nitrogen N-a. with a single
neighbor three carbons distance, is considerbly less
basic than N-b. The value of 7, which increases in
a nearly linear manner throughout the protonation
sequence. falls just below the value for the hypo-
thetical average base site.

Nitrogen N-b. being subject to the base-
weakening effects of both N-a and N-c. exhibits a
more complex protonation behavior. In the early
stages of the protonation sequence, when 7, and
7. are both relatively small, 7, is slightly larger
than 7i . As long as 7, is small. the greater intrinsic
basicity of the secondary amine outweighs the
slight base-weakening effect of N-c and the proto-
nation of N-b closely approximates that of the
hypothetical average base sit2. As the extent of
protonation at N-a and N-c increases. however,
the enhanced base-weakening effects of these sites
progressively suppress the basicity of N-b. As a
result, the rate of increase of #,, drops and when 7
reaches approx. 1.2, i, falls below 7, and remains
below it for the remainder of the protonation
sequence.

Because 77; at each point in the protonation
sequence is based on the cumulative extent of
protonation from the beginning of the protonation
sequence to the point of interest, it defines the
integral (or average) basicity of site i, ie. its
average basicity over the interval from 7, equal to
zero to »; equal to the value of interest. Therefore,
as the value of 7, increases, it becomes progres-
sively less sensitive to the differential (or instanta-
neous) basicity cf the site. A direct measure of the
instantaneous) basicity of the site. A direct mea-
sure of the instancaneous basicity of site i relative
to that of the other base sites is d#;/d 7, the slope
of the m; vs. @ plot, which for convenience we
denote b;. At each point in the protonation se-
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Fig. 5. The differential or instantenous basicities of N-a, N-b
and N-c¢ of spermidine as influenced by 7. the overall extent of
protonation. The letter next to each curve indicates the base
site.

quence, b, is simply the rate of protonation of site i
relative to the rate of protonation of all three base
sites. That is. for an infinitessimal increase in 7, b;
is the fraction of that increase in bound protons
which is bound at site 1.

Fig. 5. which complements fig. 4, reports the
dependence of b,, b, and b, on 7. It is clear that
the b, plots of fig. 5 are indeed much more sensi-
tive than the i1, plots of fig. 4 to the increased
bzse-weakening effects resulting from protonation
of neighboring base sites. For example, the well
defined minimum at i 1.5 in the b, curve of fig. 5
corresponds to the rather poorly defined inflection
point in the n, curve of fig. 4. and the clear
maximum at 7 1.5 in the b, curve of fig. 5 has no
obvious corresponding feature in the 7, curve of
fig. 4.

When 77 is small. the values of b, fall in the same
order as do the values of #7;, but as 77 increases, the
b, and 7i1; plots diverge progressively. While b, and
b. both increase, b_ falls because of the composite
base-weakening effect which progressive protona-
tion of N-a and N-c exerts on N-b. Above i1 1.5,
there is a marked change in the instantaneous
basicities of the sites. which is especially pro-
nounced for N-b and N-c. The value of b. now
decreases with increasing 77, while that of &, now
increases, and beyond 7 2.1. b, is larger than both
b, and b.. This increase in the instantaneous basic-

F. Onasch et al. / Microscopic protonation constants: spermidine

ity of N-b beyond 7 1.5 occurs because i1, and 71
are much higher than 77,. For example. at 7 2.1,
m,, 7, and 7, are 0.68, 0.53 and 0.88, respectively,
and at 7 2.5, the corresponding values are 0.83,
0.72 and 0.95. Because N-a and N-c are so much
more nearly fully protonated than N-b, N-b is
now more able to compete for protons. By the
same token, the rapid growth of i1, resulting from
the increase in b, also helps to reduce the values of
b, and b.. The sharp drop in b, reflects both the
effect of nearly complete protonation of N-c and
the increased base-weakening effect of N-b. The
decrease in b, is delayed until 7 exceeds 1.8 and is
much smaller, because the fraction of N-a still
unprotonated is significantly larger.

These indications of the relative basicities of the
three base sites of spermidine and the manner in
which they depend on the protonation states of
neighboring nitrogens may have implications with
respect to the ability of spermidine to form hydro-
gen bonds. As a hydrogen bond donor. nitrogen is
more effective when protonated, and the weaker
the basicity of the nitrogen, the stronger the hy-
drogen bond. Conversely, as a hydrogen bond
acceptor, the most basic unprotonated nitrogen
forms the strongest hydrogen bond. Thus, both the
donor and the acceptor properties of the base sites
of spermidine depend upon their instantaneous
basicities.
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