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INTRODUCTION

The pg-ethanolamine moiety is a functional group which
occurs in several biological molecules that have been
implicated in phosphate binding processes (Figure 1).
Particularly notable examples are the adrenergic phenyl-
ethanolamines (e.g. epinephrine and norepinephrine) and
the amino acid hydroxylysine, a component of collagen.

The adrenergic phenylethanolamines are thought to be
stored as complexes with adenosine triphosphate (ATP)

(2, 13) and it has been postulated that similar ATP-phenyl-
ethanolamine complexes are involved at the adrenergic
receptor sites (35). Both IR (21, 22) and NMR (38) studies
show that phenylethanolamines bind only to the phosphate
anion moieties of ATP and AMP in aqueous solution. These
studies also show that compounds which are identical to the
phenylethanolamines except for the absence of o ~hydroxyl
group, do not bind to ATP in aqueous systems. This
indicates that the intact ethanolamine moiety is necessary
for phosphate-bindingQ |

The ethanolamine sidechain of collagen has been
implicated in interactions between collagen and the
phosphate salts of bones and teeth (28, 29, 32). Bone

consists of calcium phosphate minerals deposited in

1



Figure 1.

The structural formula of the three ethanolamines
relevant to this study. Phenylethanolamines refer to
ethanolamines in which a phenyl group replaces a hydrogen
group on the carbon that bears the hydroxyl substituent

(i.e. ephedrine and epinephrine).
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organic matrices of which collagen is the major component.
Various physical and chemical studies have suggested that
mineral deposition in bone may be partially controlled by
the collagen matrix (28, 29, 42). Electron microscopic
studies indicate that, in mature bone, crystallites of
mineral are not only in contact with collagen but are
oriented with respect to the collagen fibrils (29);
therefore, it is possible that the physical and mechanical
properties of mature bone are influenced by mineral-collagen
interactions. It has been demonstrated that collagen binds
phosphate ions (9, 10), and this binding has been linked
to the availability of lysine and hydroxylysine residues.
This evidence suggests that the ethanolamine sidechain of
hydroxylysine residues in collagen may be involved in
phosphate interactions. Our work with space-filling,
molecular models suggest that the ethanolamine moieties of
hydroxylysine residues might provide an especially
effective site for hydrogen bonding to phosphate anions.
Despite the evidence that phosphate~ethanolamine
interactions are of considerable biological importance,
little is known about the specific factors that govern
these interactions. To investigate the physical and
structural factors controlling phosphate interactions with
ethanolamines, I have undertaken a series of crystallo-

graphic studies of ethanolamine-phosphate salts. By using



. x-ray diffraction methods to examine the detailed crystal
structures of these salts, I have been able to study the
phosphate-ethanolamine interactions with high precision

at the molecular level. X-ray crystallography not only
allows one to view the conformational and structural
features of biological molecules, but this approach also
can be used to investigate the details of intermolecular
associations. The study of a biological complex by x-ray
crystallography can furnish the following information:

1) it shows that the interaction can occur under the
constraints of a solid-state environment, 2) it elucidates
relationships between the conformations of the moieties
involved and their ability to form these biological
complexes, and 3) it details the types of interactions that
stabilize the complex. Therefore, it seems that this
approach, particularly when combined with spectroscopic
results from aqueous solution studies (21, 22, 38), offers
a feasible method for answering relevant questions
regarding the details of phosphate-ethanolamine
interactions.

As part of this study of the factors controlling
phosphate binding to ethanolamine, I determined the crystal
structures of ephedrine dihydrogen phosphate, ephedrine
monohydrogen phosphate dihydrate and ethanolamine mono-
hydrogen phosphate. These crystallographic studies

permitted the examination of phosphate interactions with



ethanolamine moieties in a variety of different
solid-state environments. These results indicate that
ethanolamines are particularly well suited for
hydrogen-bonding to phosphate ions. In all three crystal
structures, I find that the ethanolamine moieties assume

a characteristic conformation that leads to simultaneous
hydrogen-bonding from the amino and from the hydroxyl
groups to oxygen atoms of the phosphate ions. Examination
of the conformations assumed by ethanolamines in a variety
of other crystal structures, that are without phosphate
interactions, suggests that ethanolamines generally assume
a rigid conformation that would lead to strong and
specific interactions with phosphate ions. 1In this thesis,
I discuss the results of my crystallographic analyses,
describe the general conformational and phosphate-binding
properties of ethanolamine, and speculate about the
implications of these properties as factors in controlling
the biological roles of adrenergic phenylethanolamines and

hydroxylysine residues of bone collagen.



CRYSTALLOGRAPHIC STUDIES OF ETHANOLAMINE
PHOSPHATE SALTS.

Spectroscopic studies indicated that the binding of
adrenergic phenylethanolamines to ATP is mediated through
specific interactions between the ethanolamine moieties of
the phenylethanolamines and a single PO4 group of ATP
(21, 22, 38). Therefore, any phenylethanolamine that could
be crystallized as a phosphate salt should serve as a
suitable model system for examining the general factors
controlling the binding of phenylethanolamines to ATP.

I selected ephedrine as my model system for several reasons:

1. I was able to obtain good crystals of both the
monohydrogen phosphate and dihydrogen phosphate saits'
of ephedrine. Consequently, by utilizing this system,
I was able to examine the effects that different
degrees of phosphate protonation have on the
interactions.

2. Detailed molecular orbital calculations of the
conformational properties of ephedrine have been
published (16) and allow a final comparison between
the crystallographic and theoretical results.

3. The crystal structure of ephedrine as the

hydrochloride salt (3) has been reported; thus it



was possible for me to recognize immediately any

specific structural changes that were attributable

to phosphate interactions.

4, Crystallographic data for a number of closely related
phenylethanolamines were available and could be uséd,
along with my structural results for ephedrine, to
develop a general relationship between phenylethanol-
amine conformational properties and the ability of
these molecules to interact with phosphate ions.

As shown in Figure 1, ephedrine is an ethanolamine
structurally related to hydroxylysine (R group has
ethanolamine moiety). Assuming that only the ethanolamino
portion of phenylethanolamine participates in phosphate
interactions, then any data obtained about phosphate
binding to ephedrine should also be applicable to hydroxy-
lysine. Therefore, it was reasonable to assume that the
ephedrine phosphate crystal structures would probably shed
light on the factors that might influence interactions of
phosphate minerals with the hydroxylysine residues of bone
collagen. Unfortunately, one serious objection could be
raised to this assumption. Early in my crystallographic
studies of ephedrine it became obvious that phenylethanol-
amines assume a characteristic conformation, and it was
soon apparent that this particular conformation was required
for strong interactions of phosphate ions with the

ethanolamine moieties. How could I be certain that this



conformation was not merely a consequence of steric
interactions resulting from bulky phenyl groups in the
molecules? This was a critical question, since it implied
that the sidechains of hydroxylysine might prefer a
conformation that is completely different from that
preferred by ephedrine and other phenylethanolamines. If
this were so, then the phosphate-ephedrine interactions
might bear little resemblance to phosphate-hydroxylysine
interactions.

To investigate the possible effects that the phenyl
groups of phenylethanolamines exert on the conformational
properties of the molecules, I also determined the crystal
structure of the phosphate salt of B-ethanolamine. As
shown in Figure 1, this simple ethanolamine contains no
bulky groups to influence the conformational properties of
the molecule, so interactions observed between phosphate
ions and R-ethanolamine should be of immediate relevance
to hydroxylysine. Therefore, I felt that crystallographic
studies of ephedrine dihydrogen phosphate, ephedrine
monohydrogen phosphate, and B~ethanolamine monohydrogen
phosphate should be sufficient to permit me to identify
those structural features that are of general importance
in controlling interactions between phosphates and various

ethanolamines.
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I. Crystal Structure of Ephedrine Dihydrogen Phosphate

A. Experimental

Ephedrine dihydrogen phosphate, isolated by
lyophilizing an aqueous solution containing equimolar
quantities of ephedrine and phosphoric acid, was
crystallized by slowly cooling a hot, saturated, aqueous
ethanol solution. Two types of crystals were obtained:
monoclinic needles and orthorhombic plates. Density
measureﬁénté-and elemental analyses showed that the
ephedrine:phosphoric acid molar ratio is 1:1 for the
needles and 2:1 for the plates. The needles were used
for the structure analysis reported here.

Weissenberg and oscillation photographs showed the
crystals to be monoclinic. Space groups C2, Cm, and C2/m
are indicated by the systematic absence of reflections
hk?2 with h + k = 2n + 1; since ephedrine is optically
active, the space group is C2. A section with the
approximate dimensions 0.3, 0.2, and 0.1 mm was cut from
one of the larger needles and then mounted on a Picker
FACS-1 diffractometer with its b axis (the needle axis)
slightly inclined to the ¢ axis of the diffractometer.
Approximate cell parameters for use in collection of

intensity data were calculated by a least-squares analysis
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of the angular setting for eight low-angle CuKoy
(A = 1.5418 A) reflections.

Intensity data were collected with the diffracto-
meter, by use of a scintillation counter, nickel-filtered
copper radiation, and a 6-28 scanning technique.
Measurements were made for the 1180 reflections with
26<128°. Intensity values were assigned variances, ¢2(I),
according to the statistics of the scan and background
counts plus an additional term (0.038)2, being the scan
counts. The intensities and their variances were corrected
for Lorentz and polarization factors, and absorption
corrections were applied by use of the program ORABS (37).
Structure factors and variances were placed on an
approximately absolute scale by means of a Wilson plot

(39).
Immediately after data collection, accurate values

for the cell parameters were obtained by a least-squares
analysis of 20 values for fifteen high-angle reflections
(A = 1.54051 &) measured with the diffractometer. Crystal
data are listed in Table 1.

A suitable trial structure was found by the heavy
atom method; the x and z coordinates for the phosphorous
atoms were obtained from a sharpened, three-dimensional
Patterson map; the phosphate oxygen atoms were located in
a Fourier map calculated by use of phase angles derived
from the phosphorous atom; and the remaining nonhydrogen

atoms were located in a Fourier map calculated with phase
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angles derived from the phosphate anion. The structure

was refined by use of a modified version of the full matrix
least-squares program ORFLS (4). The quantity minimized
was Iw(Fo?-(1l/k)Fc?)?, where k is a scale factor and the
weight w is equal to (1/0(Fo?))?. Atomic scattering
factors for the nonhydrogen atoms, as well as the real and
imaginary anomalous dispersion corrections for phosphorous

and oxygen, were- from the International Tables for X-Ray

Crystallography (1962) (42). Hydrogen scattering factors

were from Stewart, Davidson, and Simpson (1965) (33).
Hydrogen atoms were located in a difference Fourier map
calculated during the final stages of refinement.

I refined all positional parameters, anisotropic
temperature parameters for the nonhydrogen atoms,
isotropic temperature factors for the hydrogen atoms, and
gzachariasen's extinction parameter g (41l) (as formulated
by Coppens and Hamilton, 1970 b). Heavy and hydrogen
atoms were refined in alternate cycles. The final R
index (£||Fo|-|Fc|}/Z|Fo|) for all reflections is 0.026;
the goodness-of-fit, (I(1/02(Fo?)) (Fo?-Fc?/k?)?/ (n-s))1/2,
is 1.81. During the final cycle of refinement no
parameter shifted more than one-fifth of its standard
deviation. A final difference Fourier map showed no peaks
or troughs exceeding 0.2 e/ﬁ in magnitude.

At the conclusion of refinement, the coordinates

were inverted and the structure of the enantiomorph
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({+) -ephedrine) was refined. The enantiomorph refined
to R = 0.027, and a goodness-of-fit of 1.86.
B. Results

The nonhydrogen atom parameters and their standard
deviations are listed in Table 2; the average, estimated
standard deviations in these positional parameters range
from 0.0015 to 0.004 A. The hydrogen-atom parameters and
their standard deviations are given in Table 3; the
estimated errors in the hydrogen-atom positional parameters
range from 0.03 to 0.06 A. Table 4 lists observed and
calculated structure factors.

Figure 2 shows the conformation of the ephedrine
molecule, including the ellipsoids of thermal vibration
(l4). Figure 3 shows the conformation and thermal
ellipsoids for the phosphate ions. Bond lengths are
given in Table 5 and bond angles in Table 6. The
conformation and the bond lengths and angles of ephedrine
are in agreement with those in the crystal structure of
ephedrine hydrochloride (3) except for a difference of
47° in the torsion angle about the C(7)-0(1l) bond. As
expected, the phenyl ring is planar within experimental
error and has no heavy-atom deviations exceeding 0.007 A.
Atom C7 is displaced 0.05 A from the phenyl plane.

Figure 4 depicts the crystal packing. The
hydrophobic phenyl and methyl groups are clustered in the

central region of the unit cell, and the polar amino,
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hydroxyl, and phosphate moieties are arranged in layers
parallel to the ab plane. Thus the structure consists of
alternate hydrophobic and polar layers; the hydrophobic
portions are sandwiched between polar regions. Figure

4 also shows the hydrogen-bonding scheme. Hydrogen-bond
1engths.and angles are given in Table 7. All hydrogen
atoms covalently bonded to oxygen or nitrogen atoms
participate in hydrogen bonding. The nitrogen and oxygen
atoms of the ethanolamine moiety donate hydrogen bonds to
phosphate oxygen atoms and the phosphate hydrogen atoms
are utilized in phosphate-phosphate hydrogen bonding.
Phosphate anions are hydrogen bonded around two-fold
rotation axes to form dimers that involve two short

(2.55 &) hydrogen bonds (Figure 4). The second phosphate
hydrogen atom is involved in hydrogen bonding between
phosphate dimers. The phosphate-phosphate hydrogen
bonding results in cohesive, continuous sheets of phosphate
ions running parallel to the ab plane. Figure 5 depicts

hydrogen bonding within these sheets.
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Figure 2.

The conformation of the ephedrine cation. Heavy
atoms are represented by ellipsoids defined by the
principal axes of thermal vibration and scaled to include
50% probability. Hydrogen atoms are represented by spheres

of 0.1 ﬁ radius.
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Figure 3.

Phosphate anions hydrogen-bonded across a two-fold
rotation axis. OP3-OPl distances are 2.55 A. The
phosphorous and oxygen atoms are represented by thermal

ellipsoids scaled to include 50% probability.
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Figure 4.
The crystal structure of ephedrine dihydrogen
phosphate viewed down the b axis. Thin lines represent

hydrogen bonds; donor-acceptor distances are shown.
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Figure 5.
Sheets of hydrogen-bonded phosphate anions, as viewed
down the c axis. The sheets are parallel to the ab plane.

The thin lines represent bonds.






TABLE 1. Crystal data for ephedrine dihydrogen phosphate.

Stoichiometry
Z

Space Group
a

b

o0 (calculated)

(observed)

©

ClOHlGNO'HZPO4
4
c2
14.738(4) A
5.710 (6)
15.302(4)
97.17(2)°
1.368 g cm™>
1.37

20.4 em™ L

(The unit-cell parameters were measured at 25 + 3°C. The

reported standard deviations are five times those obtained

from the least-squares analysis. The density was measured

by flotation in a mixture of benzene and ethylene

dibromide).
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TABLE 3.
The final hydrogen atom parameters and their estimated
standard deviations. The positional parameters have been

multiplied by 103.

Atom X y z B

HOP2 213(2) 509 (8) 003(2) 7.3(1.0)
HOP3 032(2) 181 (9) 097(2) 7.5(.9)
H11l 249 (3) 803(10) 169 (3) 9.3(1.2)
H21 138(2) 269 (6) 307(2) 4.9(.7)
H31 062 (2) 292 (6) 432(2) 4.4(.6)
H41 086 (2) 632(8) 529 (2) 5.9(.7)
H51 184 (2) 909 (7) 488 (2) 6.1(.8)
H61 255(2) 890(6) 367(2) 5.1(.7)
H71 210(2) 486 (5) 196 (2) 3.3(.5)
H81 320(2) 250 (5) 290(2) 3.8(.6)
H91 445 (2) 056 (7) 211 (2) 6.7(.9)
H92 502 (2) 266 (8) 192(2) 7.7(1.0)
H93 460 (2) 139(7) 110(2) 6.2(.8)
H101 394 (2) 589(7) 371(2) 5.5(.7)
H102 465(2) 407 (6) 336 (2) 5.4(.7)
H103 446 (2) 658 (9) 289 (2) 7.4(.9)
H121 316 (2) 250(6) 142 (2) 4.6(.6)
H122 381(2) 459 (6) 141 (1) 5.2(.7)
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TABLE 4.
Observed and calculated structure factors. From left

to right, the columns contain values of h, 10Fo, 1l0Fc.
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TABLE 5.

Bond distances.

Standard deviations in bond

lengths that involve only nonhydrogen atoms are about

0.

005 A.

Standard deviations in bond lengths that

involve hydrogen atoms are about 0.06 i.

aaoaooaonoonnoaadydgd
WOWONNHHNDWOIOW

BOND

- OPl
- OP2
- OP3
- OP4
- C6
- Cl
- C4
- Cc4
- C3
- C2
- C7
- 011
- C8
- Cl0
- N12
- N12

DISTANCE

1.498 Cc7
1.578 C8
1.555 N12
1.505 N12
1.387 Cé
1.389 C5
1.373 C4
1.379 C3
1.384 c2
1.382 0l1
1.512 Clo0
1.427 Cl0
1.539 C1l0
1.506 C9
1.481 C9
1.506 c9

OoP2

OP3

BOND

- H71
- HS81
- H1l21
- H122
- H61
- H51
- H41
- H31
- H21
- H11
- H101
- H102
~ H103
- H91
- H92
- H93
- HOP2
- HOP3

DISTANCE

l1.01
1.03
.93
.93
.87
.85
1.01
1.00
.99
.85
1.01
.95
1.05
.91
.96
1.07
1.06
.63
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TABLE 6.

that involve only nonhydrogen atoms are about 0.4°.

Bond angles.

Standard deviations in bond angles

Standard deviations in bond angles that involve hydrogen

atoms are about 4°.

OP1
orPl
orl
oP2
OP2
OP3
Cé
Cé
C2
C3
c4
C5
Cé
C5
Cl
Cl
Ooll
c7
c7
N1l2
C8

C9
OP3
OP4
OP3
or4
OP4
c2
Cc7
C7
Cl
c2
C3
c4
Cl
011l
Cc8
C8
N12
C1l0
C10
C9

ANGLE

109.8
111.8
115.3
102.6
108.4
108.2
118.6
121.5
119.9
120.9
120.0
119.8
120.3
120.5
112.4
111.2
107.6
108.0
112.9
110.6
117.0

HOP2
HOP3
H21
H21
H31
H31
H41
H41
H51
H51
H61
Hé61l

- H71

H71
H71
H81
H81
H81
H91
H91
H9l
H92
H92
H92
H101
H101
H101l
H102
H102
H103
H1ll
H121
H121
H121
H122
H122

ATOMS

oP2
OP3
c2
c2
C3
C3
c4
c4
C5
C5
Cé6
Cé
c7
c7
C7
cs8
Cc8
Cc8
Cc9
Cc9
co
c9
Cc9
C9
Cl0
Cl10
Clo0
Cl0
Clo0
C1l0
0l1
N12
N12
N12
N12
N12

Cl
C3
c4
c2
C5
C3
cé
C4
C5
Cl
Cl
0ll
c8
C7
N1l2
Cl0
H92
H93
N1l2
H93
N12
N1l2
H102
H103
c8
H103
C8
Cc8
Cc7
H122
Cc8
Cc9
C8
Cc9

ANGLE

107.6
113.6
120.6
118.2
120.9
119.1
117.4
122.8
118.5
121.2
121.2
118.4
113.1
105.2
112.4
111.2
105.5
108.4
108.4
114.8
112.3

96.7
111.6
111.6
109.6
101.7
109.5
107.4
113.4
114.6

98.6
111.0
108.8
106.5
112.0
101.2
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II. Ephedrine Monohydrogen Phosphate Dihydrate

A. Experimental

Ephedrine phosphate was obtained by lyophilizing an
agqueous solution that contained equimolar quantities of
ephedrine and phosphoric acid. Slow cooling a hot aqueous
ethanol solution of ephedrine phosphate produced two types
of crystals: clear needles of ephedrine dihydrogen phosphate
and clear plates of ephedrine monohydrogen phosphate
monohydrate. Weissenberg and oscillation photographs
showed the plates to be orthorhombic; the space group is
P212121 as indicated by the systematic absence of
reflections h00 with h odd, 0k0 with k odd, and 002 with
2 odd. A crystal fragment with dimensions of 0.19, 0.17,
and 0.08 mm was mounted on a Picker FACS-1 diffractometer
with its b axis slightly inclined to the ¢ axis of the
diffractometer. Unit-cell parameters were determined by a
least-squares analysis of the angular settings for six
high-angle (CuKaj, A = 1.54051 ﬁ) reflections measured with
the diffractometer. Crystal data are listed in Table 8.

Intensity data were collected with the diffracto-
meter by use of a scintillation counter, nickel-filtered
copper radiation, and a 6-28 scanning technique. Measure-

ments were made for the 2403 unique reflections with
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20<128°, Those reflections with scan counts less than
background levels were assigned intensity values of 0.0
and were retained in all subsequent calculations. The
intensity values were assigned variances, ¢2?(I), according
to the statistics of the scan and background counts plus an
additional term (0.038)2, S being the scah counts. The
intensities and variances were corrected for Lorentz and
polarization factors, absorption corrections were applied
by using the computer program ORABS (37), and structure
factors and their variances were scaled by means of a
Wilson plot.

Trial coordinates for the phosphorous atom and for
the four oxygen atoms of the phosphate group were obtained
by direct methods, with the use of the computer program
MULTAN (19). The other nonhydrogen atoms were located in
a Fourier map that was calculated with phase angles derived
from the five heavy atoms of the phosphate group. The
trial structure was refined by use of a modified version of
the full-matrix least-squares program ORFLS (4). The
quantity minimized was Iw(Fo2-(l/k)Fc?)2?, where k is a
scale factor and weight w is equal to (1/0(Fo?))2. All
measured reflections regardless of their 1/c(I) ratio,
were included in the refinement. Atomic scattering factors

for the nonhydrogen atoms were taken from International

Tables for X-Ray Crystallography (1962); anomalous

dispersion corrections for these atoms were those of Cromer
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and Liberman (7). The hydrogen-atom scattering factors
were taken from Stewart, Davidson, and Simpson (33).
Hydrogen atoms were located in a difference Fourier map
that was calculated during the final stages of refinement.
The last cycles of refinement included all positional
parameters, anisotropic temperature parameters for the non-
hydrogen atoms, isotropic temperature factors for the
hydrogen atoms, and Zachariasen's extinction parameter g
(41) (as formulated by Coppens and Hamilton (6)). Because
of the limited core-storage capacity of the computer it was
impracticable to refine all parameters simultaneously;
consequently, the parameters were divided into three blocks,
those for each of the ephedrine cations in separate blocks,
and those for the phosphate ion and the water molecule in
a third block. The blocks of parameters were refined in
successive cycles. The final R index (I||Fo|-|Fc||/IZ|Fo])
for all reflections is 0.033; the goodness-of-fit
(Z(l/czFoz))(Foz—Fcz/kz)/(m—s))l/z, where m is the number
of reflections used and s is the number of parameters
refined, is 1.38. During the last cycle of refinement,
no atomic parameter shifted more than one-fourth of its
standard deviation. A final difference Fourier map
showed no peaks or troughs exceeding .2 e/ﬁ3 in magnitude.

B. Results
Table 9 lists the final heavy-atom parameters and

their estimated standard deviations. Table 10 gives the
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hydrogen-atom parameters and their estimated standard
deviations. The estimated errors in positional coordinates
are less than 0.005 A for all the hydrogen atoms. Table 11
lists observed and calculated structure factors.

Figure 6 shows the conformations and the thermal
ellipsoids of the two crystallographically-independent
ephedrine cations (designated ephedrine-A and ephedrine-B).
Conformational torsion angles are shown in Figure 9, bond
lengths are given in Table 12, and bond angles are listed
in Table 13. The phenyl groups are planar within
experimental error: no atoms deviate from the phenyl
planes by more than 0.01 A.

The crystal-packing and hydrogen-bonding schemes
are shown in Figure 7. The phenyl- and the methyl-
hydrophobic groups are clustered together; the water
molecules, the phosphate anions, and the hydroxyl and amino
groups are hydrogen bonded together. The resultant packing
scheme consists of alternate layers of polar and hydrophobic
groups, with the layers running parallel to the ab plane.
Table 14 gives hydrogen-bond distances and angles. As
shown in Figure 8, each of the ephedrine cations forms two
hydrogen bonds one from both the amino and hydroxyl groups

to the phosphate anion.
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TABLE 8. Crystal data for ephedrine monohydrogen phosphate

dihydrate.
Stoichiometry (C10H16N0+)2 HPO42_(H20)2
Z 4
Space Group P2424724
a 7.094 (1)
b 11.290(1)
c 29.567 (5)
p (calculated) 1.253 g cm™3
p (observed) 1.26 g cm™3
" 13.8 cm™t

(Reported standard deviations in unit-cell parameters are
three times those obtained from the least-squares analysis.
Density was measured by flotation in a mixture of carbon

tetrachloride and benzene.)
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TABLE 9.

Final heavy-atom parameters and their estimated
standard deviations. All values have been multiplied
by 104. Temperature factors are in the form T = exp
(- By1h 2- Byok?-B3322-2B3 shk-28) 3h2-2B33k?) . Final value

of the isotropic extinction parameter (g) is 0.278.
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TABLE 10.
Final hydrogen-atom parameters and their estimated
standard deviations. Positional parameters have been

multiplied by 103,



8 (%2)

ATOM X Yy z
Ephedrine A
H(C2) 522(5) 048(3) 581 (1) 6.0(1.0)
H(C3) 680(5) 077(3) 511(1) 7.2(1.0)
H(C4) 734 (5) 282 (3) 490 (1) 7.2(1.0)
H(CS5) 627(5) 442(3) 536 (1) 6.5(.9)
B (C6) 499 (5) 340(3) 602(1) 6.0(.9)
H(C?) 422 (4) 119(2) 651 (1) 2.6(.5)
H(CS8) 146 (4) 123(2) 616 (1) 3.5(.6)
H(C9) -167 (4) 104(2) 711 (1) 3.9(.6)
B(C9') =192(7) 219 (4) 672(1) 11.3(1.4)
B(CO") -139(5) 070(3) 659 (1) 5.2(.8)
H(C10) 128(4) 324 (3) 587(1) 4.9(.7)
H(Cl0') 104(5) 373(3) 641 (1) 6.7(.9)
H(Cl0") -043(5) 300(3) 615 (1) 6.7(1.1)
H(O0l) 419 (5) 245 (3) 703(1) 5.1(.7)
H(N1) 089 (4) 235(2) 700(1) 3.9(.6)
H(N1') 141 (4) 098(3) 697 (1) 5.0(.7)
Ephedrine B

H(C2) 778(4) 568(3) 620 (1) 4.7(.7)
B(C3) 962(5) 513(3) 553(1) 7.1(1.0)
H(C4) 1036 (5) 650(3) 502(1) 6.1(.9)
H(CS5) 958(5) 860 (3) 517(1) 6.3(.9)
H(C6) 800 (4) 910(2) 579 (1) 2.7(.6)
B(C7) 714 (3) 751(2) 673(1) 2.7(.5)
H(C8) 465 (4) 649 (2) 638 (1) 3.4(.6)
H(C9) 122(5) 689 (3) 722(1) 7.5(1.0)
H(C9') 090 (6) 711 (4) 670(1) 7.8(1.1)
H(C9") 189 (6) 595 (4) 689 (1) 9.1(1.2)
H(C10) 396(6) 786 (3) 575(1) 8.1(1.1)
H(C10') 316 (8) 880 (4) 614 (2) 12.9(1.9)
H(Cl0") 203(6) 762 (3) 603 (1) 6.9(1.0)
H(O1) 628(6) 924 (3) 682(1) 7.9(1.0)
H(N1) 333(5) 836 (3) 695(1) 5.9(.8)
H(N1') 442(4) 717 (3) 710(1) 4.5(.7)
Phosphate and Water

0 (3 570(6) 419(3) 696(1) 9.

g(é)) -013(6) 401(3) 748(1) 5.g§%§§)
H(W') 168(5) 392(3) 743(1) 5.3(.9)
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TABLE 11.

Structure factor table of ephedrine monohydrogen.
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TABLE 12.

Bond distances. Standard deviations in bond lengths
involving only nonhydrogen atoms are about 0.006 A.
Standard deviations in bond lengths involving hydrogen atoms

are about 0.06 i.
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TABLE 13.

Bond angles. Standard deviations in bond angles
involving only nonhydrogen atoms are about 0.3°.
Standard deviations in bond angles involving hydrogen

atoms are about 4°.
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TABLE 14.

Hydrogen-bond distances and angles.
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Figure 6.

Conformations of the two ephedrine cations (labelled
molecule A and molecule B). Heavy atoms are represented
by ellipsoids, defined by the principal axes of thermal
vibration, and scaled to include 50% probability. Hydrogen

atoms are represented by spheres with 0.1 A radius.
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Figure 7.

The crystal system viewed down the a axis. The thin

lines represent hydrogen bonds.
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Figure 8.
Hydrogen bonding between the ephedrine cations and
the phosphate anion. Hydrogen bonds are represented by

thin lines, and donor-acceptor distances (R) are given.
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III. Ethanolamine Monohydrogen Phosphate

A. Experimental

Small thin plates of ethanolamine phosphate were
grown from an agueous solution with a 2:1 ratio of
ethanolamine and phosphoric acid. Weissenberg and
oscillation photographs showed the plates to be monoclinic
with systematic extinctions 0kO with k odd and h0% with h
odd. This indicated space group le/c; however, the h02%
with h odd were systematically, extremely weak from a pseudo
a glide perpendicular to the b axis. A crystal with
approximate dimensions of .3, .3, and .1 mm was mounted on
the diffractometer with its a axis along the ¢ axis of the
diffractdmeter. Approximate cell parameters for use in
collection of intensity data were calculated by a least-
squares analysis of the angular settings for twelve
low~angle CuKa(A = 1.5418 3) reflections. Crystal data are
listed in Table 15.

Intensity data were collected with the diffracto-
meter, by using a scintillation counter, nickel-filtered
copper radiation, and 6-20 scanning technique. Measurements
were made for the 3319 reflections with 20<128°. Intensity'
values were assigned variances, 02(1), according to the

statistics of the scan and background counts plus an
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additional term (0.038)2, S being the scan counts. The
intensities and their variances were corrected for Lorentz
and polarization factors, and absorption corrections were
applied by using the program ORABS (37). Structure factors
and variances were placed on an‘approximately absolute
scale by means of a Wilson plot (39). Immediately after
data collection, accurate values for the cell parameters
were determined by an analysis of 26 values for high-angle
reflections (A= 1.54051 i) measured with the diffracto-
meter.

Trial coordinates for the two phosphorous and
for the eight oxygen atoms of the phosphate groups were
obtained by direct methods, with the computer program
MULTAN (19). The other nonhydrogen atoms were located in
a Fourier map that was calculated with phase angles derived
from the ten heavy atoms of the two phosphate groups. The
trial structure was refined by use of a modified version
of the full matrix least-squares program ORFLS (4). The
quantity minimized was Iw(Fo®’-(1l/k)Fc®)?, where k is a
scale factor and weight w is equal to (1/0(Fo?))2. all
reflections were included in the refinements. Atomic
scattering factors for the nonhydrogen atoms were taken from

International Tables for X-Ray Crystallography (42);

anomalous dispersion corrections for these atoms were those
of Cromer and Liberman (7). The hydrogen-atom scattering

factors were taken from Stewart, Davidson, and Simpson (33).
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Hydrogen atoms bonded to carbon were calculated by assuming
tetrahedral bonds; hydrogen atoms bonded to oxygen and
nitrogen were calculated by assuming linear hydrogen bonds.
The last cycles of refinement included all positional
parameters and anisotropic temperature parameters for
the nonhydrogen atoms. Because of the limited core-storage
capacity of the computer it was impracticable to refine
all parameters simultaneously; consequently, the parameters
were divided into two blocks each consisting of two ethanol-
amines and one phosphate. The blocks were refined in
successive cycles. The final R index (Z||Fo|-|Fc]||/Z]|Fo])
for all reflections, including those with negative
intensities, is 11.09; the goodness-of-fit (Z(l/GZFoz))(Foz—
Fcz/kz)/(m-s))l/z, where m is the number of reflections
used and s is the number of parameters refined, is 2.18%,
During the last cycle of refinement no parameter shifted
more than one-fifth of its standard deviation. A final
difference Fourier map revealed no peaks or troughs
exceeding 1 e/i3 in magnitude.

B. Results

Table 16 lists the final heavy atom parameters

and their estimated standard deviations; the average
estimated standard deviation in these positional parameters

is .005 A. Table 17 gives the hydrogen-atom parameters

*The final R index for all reflections with intensities

~greater than one standard deviation is 9.77.
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which were calculated on the basis of the expected
covalent and hydrogen-bonding angles. Table 20 lists the
observed and calculated structure factors.

Bond lengths are given in Table 18 and bond
angles are listed in Table 19. Crystal-packing and
hydrogen-bonding schemes are shown in Figure 9. Three
of the four crystallography independent ethanolamines
assume the gauche conformation. The specific phosphate-
ethanolamine interaction, in which one ethanolamine
chelates one phosphate anion similar to that found in
ephedrine monohydrogen phosphate, is shown in Figure 10.
Phosphate anions seem to form strong hydrogen bonds
to other phosphate anions without decreasing their

affinity for the ethanolamine moiety.



TABLE 15, Crystal data for ethanolamine monohydrogen

phosphate.
Stoichiometry (C2H80 N)4-(HPO4)2
Z 4
Space Group P24/c
a 9.128(3) &
b 10.988(4)
c 22,354 (10)
B 115.78(3)°
p (calculated) 1.424 g. cm™3
p (observed 1.44 g. cm™3
5 24.9 cm~!

(The unit-cell parameters were measured at 25 + 3°C. The
reported standard deviations are five times those obtained
from the least-squares analysis. The density was measured
by flotation in a mixture of benzene and ethylene

dibromide.)

58
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TABLE 16.

Final heavy-atom parameters and their estimated
standard deviations. All values have been multiplied by
104. Temperature factors are in the form T = exp
(-By11h%-Byk?-B3322-281 yhk-28; 3he-2By3kL) . Final value

of the isotropic extinction parameter (g) is 0.278.
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TABLE 17.
Final hydrogen-atom parameters. Positional

parameters have been multiplied by 103.
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TABLE 18.

Bond distances. Standard deviations in bond angles

involving nonhydrogen atoms are about .007 A.

Bond Distance
P(1)-0(2) 1.513
- P(1)-0(2) 1.583
P(1)-0(3) 1.528
P(1)-0(4) 1.530
P(1l)'-0(1)"* 1.511
P(1l)'-0(2)"' 1.575
P(1l)'-0(3)" 1.514
P(1)'-0(4)"' 1.523
Nl1{(l)-Cl(1l) 1.459
Cl(l)-C2(1) 1.487
c2(1)-05(1) 1.340
N1(2)-Cl(2) 1.468
Cl(2)-C2(2) 1.383
C2(2)-05(2) 1.314
N1(3)-Cl(3) 1.459
Cl(3)-C2(3) 1.521
C2(3)-05(3) 1.393
N1(4)-Cl(4) 1.484
Cl(4)-C2(4) 1.503

C2(4)-05(4) 1.410



TABLE 19.
Bond angles. Standard deviations in bond angles

involving nonhydrogen atom are about .3 degrees.

Bond Angle
0(1)-P(1)-0(2) 110.0
0(1)-P(1)-0(3) 111.8
0(1)-P(1)-0(4) 112.4
0(2)-P(1)-0(3) 107.8
0(2)-P(1)~-0(4) 103.4
0(3)~-P(1)-0(4) 111.1
Oo(1l)'-P(1)'-0(2)" 109.,7
o(l)'-P(1) '-0(3)" 110.9
o(l)'-P(1)'-0(4)" 112.4
0(2)'-P(1) '-0(3)" 108.9
0(2)'-P(1)'-0(4)" 103.9
0(3)'-P(1)'-0(4)" 110.9
N1(l)-Cl(1l)-C2(1) 111.3
Cl(1)-C2(1)-05(1) 114.2
N1(2)=-C1(2)=C2(2) 117.7
Cl(2)-C2(2)-05(2) 116.0

: N1(3)-Cl1l(3)-C2(3) 111.4
Cl(3)-C2(3)-05(3) 112.7
N1(4)-Cl(4)-C2(4) 113.4
Cl(4)-C2(4)-05(4) 113.6
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Figure 9.

axis.

The crystal structure viewed in stereo down the b

Dashed lines represent hydrogen bonds.
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TABLE 20.
Observed and calculated structure factors for
ethanolamine monohydrogen phosphate are shown on the

following two pages.
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Figure 10.

The ésymmetric unit shqws the four ethanolamines
and two phosphate anions with hydrogen bonds depicted
by the thin lines. Hydrogen-bond lengths representing

the distance from the donor to the acceptor are shown.
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DISCUSSION

I. Conformational Properties of Ethanolamines

As part of this series of structural studies, I
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examined the conformations of several crystallographically-

independent ethanolamines that were complexed with phosphate

anions. These conformations were compared with those of
ethanolamines in other published crystal structures which
contained no phosphate anions. Conformational data for
twelve ethanolamine molecules, which represent a variety
of solid-state environments, are available for comparison
with my structural results for ethanolamine phosphates.
Pertinent conformational angles for these ethanolamines
are depiéted in Fiéure 11.

The conformations of these ethanolamines are
conveniently represented by four torsion angles, which
I designate and define as follows: 1 describes the
conformation about the C(1)-C(7) bond and is defined
by atoms C(6)-C(1)-C(7)-0(1) (17); w describes the
conformation about the C(7)-C(8) bond and is defined
by atoms 0(1)-C(7)-C(8)-N(1); x describes the conformation
about the N(1)-C(8) bond and is defined by atoms

R'=N(1)-C(8)-C(7); and ¥ describes the conformation about
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the 0(1)-C(7) bond and is defined by HO(1)-0(1)-C(7)-C(8).
The values of the torsion angles are assigned according to
the convention of Klyne and Prelog (17). This convention
defines a torsion angle by using four atoms designated as
A-B-C-D, in the following manner: if a system of four
atoms, A-B-C-D, is projected on to a plane normal to bond
B-C, the angle between the projection of A-~-B and the
projection of C-D is described as the torsion angle of A
and D about bond B-C; the torsion angle is written in

full as (A-B-C=D); in the eclipsed conformation in

which the projections of A-B and C-D coincide, 6 is given
the value 0°; a torsion angle is considered positive

(+0) or negative (-6), if on viewing the system along

the central bond in the direction B C, the bond to the
front atom A requires rotation to the right or left,
respectively, in order that it can eclipse the bond to the
rear atom D.

As shown in Figure 11, the conformational angles for
the ethanolamines are confined to relatively narrow ranges.
The clustering of these four conformational angles within
specified ranges suggests that restraints are imposed
on the rotation around these single bonds, thus causing
certain conformations to be preferred. More recent
drystallographic studies (8) by Dangoumau on similar
ethanolamine compounds support this hypothesis. The
conformational angle w defines the spatial arrangement of

the hydroxyl and amino groups of the ethanolamine moiety.
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Figure 11.

Conformational maps depicting the torsion angles in
phenylethanolamines. Each torsion angle (17) is described
by four atoms, A-B-C-D, and is defined as the angle that
A-B makes with respect to C-D when viewed down the B-C
bond. The angle is zero if A-B and C-D are eclipsed, and
is positive if A-B must be rotated clockwise to eclipse
C-D. Each drawing shows the trace of A-B as viewed down
B~C. Abbreviations for the compounds are: Theor. Eph.,
molecular orbital calculation for ephedrine (16); Eph.
HPO4A and Eph. HPO4B, the A and B molecules in the crystal
structure of ephedrine monohydrogen phosphate monohydrate;
Isop. SO4A and Isop. SO4B, the A and B molecules in the
crystal structure of isoproterenol sulphate (20); Eph.
H,PO4, crystal structure of ephedrine dihydrogen phosphate;

N E HCl1l, crystal structure of norepinephrine hydrochloride

(3).
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In nearly all the structures I examined, this torsion angle
is such that the amino group is gaﬁche to the hydroxyl group.
This finding is of particular significance because it
implies that the preférred solid-state conformation of
ethanolamines is exactly the one that permits strong
hydrogen bonding to phosphate ions. This preference for
the gauche conformation is not merely a consequence of
solid-state forces, as evidenced by solution (16,25) and
gas phase spectroscopic (23) studies, which demonstrate
that the gauche conformation is the most stable one for
various ethanolamines.

Though the reason for this preference for the gauche
conformation is hot clearly understood, an intramolecular
hydrogen bond between the amino and hydroxyl groups has
been postulated (25). We have examined the hydroxyl-amino
contacts within the ethanolamines that are included in
Figure 11, and, with the possible exception of the B molecule
in the crystal structure of isoproterenol sulphate, we have
found no examples of intramolecular hydrogen bonding between
the hydroxyl and amino group. The possible existence of
weak, stabilizingainteractions'between the amino hydrogen
and the hydroxyl oxygen atoms apparently is not attributable
to hydrogen bonding, as evidenced by the long N-H--0O
distances and the nonlinear N-H--O angles. It is noteworthy
that acetylcholine and several related compounds, which have
the R;N—C-C—O grouping, have been found to assume a gauche

conformation about the C-C bond (31l), even though,
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intramolecular N--O hydrogen bonding is not possible. This
preference for the gauche conformation in acetylcholine

has been attributed to an electrostatic attraction between
the oxygen and the cationic nitrogen atoms (31f, and this
same interaction may govern the torsion angles about the
C(7)-C(8) bonds of ethanolamines (w = -75, -74, -53, -166).
Regardless of the mechanism involved, the gauche
conformation is obviously the most stable. Bulky
substituents, such as phenyl groups, which are attached

to C(7) in phenylethanolamines, might be expected to be
trans to the amino group for steric reasons, thus forcing
the amino group to lie gauche to the hydroxyl moiety.
However, this cannot be the only explanation for the
observed conformations of the phenylethanolamines since

the preferred conformation of ethanolamines, without

bulky groups attached to C(7), also has the amino and
hydroxyl groups gauche to each other. This preference

of the hydroxyl group to be gauche to the amino group in
ethanolamines probably has important biological implications
particularly as it relates to the propensity of ethanol-

amines for phosphates.
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ITI. Phosphate-Phosphate Interactions

Extensive hydrogen bonding between the phosphate
anions is observed in the crystal structure of both
ephedrine dihydrogen phosphate and ethanolamine monohydrogen
phosphate. In the ephedrine dihydrogen phosphate strucfure,
the phosphate anions hydrogen bond to each other to form
continuous phosphate sheets. Each of these phosphate
anions forms four exceptionally short hydrogen bonds (with
lengths of either 2.55 R or 2.63 ﬁ) to three other phosphate
anions. In the ethanolamine monohydrogen phosphate structure
the phosphate anion forms strong bonds to two other phosphate
anions. Both the mono- and dihydrogen phosphate anions
are particularly suited for the forming of strong hydrogen
bonds because of their excellent hydrogen-bond donor sites
(acidic protons) and hydrogen-bond acceptor sites (negatively
charged oxygens), and these donors and acceptors are joined
by a polarizable pi electron system. It is not surprising
that the literature contains numerous examples of crystal
structures in which the phosphate anions are joined by
short (<2.65 ﬁ) hydrogen bonds (1,11,12,26,27,36),
some of which appear to be symmetric (<2.5 ﬁ) (24). In
the crystal structures that have been examined to date,
dihydrogen phosphate anions always form at least two

hydrogen bonds to other phosphates and, if the two hydrogen
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bonds extend to a single phosphate anion, an exceptionally
stable phosphate dimer is formed (Figure 3). Hydrogen
bonding between phosphates is an important phenomenon not
only in the solid-state, but in aqueous solution as well
(30). In view of the widespread occurrence of phosphate-
phosphate hydrogen bonding in various in vitro systems, it
seems likely that interactions of this type are important
in biological systems.

Though interactions between the various mineral
components of calcified tissues have been studied
extensively, the principal emphasis has been placed
on the importance of coulombic factors, whereby cations
interact with anions to generate mineral phases. The
crystallographic results for ephedrine dihydrogen phosphate
and ethanolamine monohydrogen phosphate suggest that
phosphate-phosphate interactions may also serve as an
important mechanism for the aggregation of phosphate

minerals in biological systems.
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IITI. Interactions Between Phosphates and Ethanolamines

From the previous discussion, it is apparent that the
most stable conformation of ethanolamines is one in which
the amino group is situated gauche to the hydroxyl group.
It is clear from these crystallographic results that
ethanolamines in this gauche conformation can, by using
the amino and hydroxyl groups in concert, hydrogen-bond
strongly to phosphate ions. These hydrogen-bonded
interactions can occur in two different ways: (1) the
ethanolamine can hydrogen bond to hydrogen-bonded
aggregates of phosphate anions, or (2) they can hydrogen
bond to single phosphate ions. Both types of interaction
are probably involved in biological processes.

The ethanolamine interaction with phosphate
aggregates is an important feature of the ephedrine
dihydrogen phosphate structure. As indicated in
Figure 12, the ethanolamine moiety, which is in the
gauche conformation, possesses three hydrogen-bond
donor sites that are suitably arranged to form hydrogen
bonds to phosphate ions of the phosphate aggregates.

Two of the donor sites are provided by the amino group,
and each of these sites hydrogen-bonds to a phosphate

ion in the aggregate. The third donor site is supplied
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Figure 12.

The ethanolamine moiety of the ephedrine from the
crystal structure, ephedrine dihydrogen phosphate, is
shown to hydrogen bond to three phosphate anions which

hydrogen bond to themselves.
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by the hydroxyl group, which hydrogen-bonds to an additional
phosphate ion in the aggregate. Consequently, the
ethanolamine moiety is directly hydrogen-bonded to three
different phosphate ions, which are, in turn, linked to
other phosphate ions within the phosphate aggregates.

These two features ~ the hydrogen-bonding between phosphate
ions to produce phosphate aggregates, and the subsequent
binding of these phosphate aggregates to ethanolamines -
could serve as an early step in the mineralization of bone
collagen. Through interactions of this type, single
isolated hydroxylysine residues of collagen could bind large
arrays of phosphate ions. Such phosphate-hydroxylysine
complexes might serve as key sites for the nucleation of
mineral growth within collagen matrices.

Interactions of ethanolamines with single phosphate
ions are outstanding features in the crystal structures of
ephedrine monohydrogen phosphate and ethanolamine monohydrogen
phosphate. These two structures contain a total of six
crystallographically independent ethanolamine moieties,
five of which are in the preferred gauche conformation
(two from the ephedrine structure and three from the
ethanolamine structure). Two of three gauche ethanolamine
moieties in the ethanolamine monohydrogen phosphate structure
(Figure 10) and both of the ethanolamine moieties in the
ephedrine monohydrogen phosphate structure (Figure 8)

hydrogen bond to single phosphate groups by using the amino
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group in concert with hydroxyl group. Since this
hydrogen-bonded interaction was observed for ethanolamine
moieties in five different crystalline environments, it is
obvious that this mode of association is particularly
favorable, and is not simply a consequence of crystal-
packing forces.

A significant factor in the hydrogen-bonding between
an ethanolamine moiety and a single phosphate group is the
role that the hydroxyl group plays. As judged by
hydrogen-bond lengths, the strongest hydrogen-bonding to
the phosphate anion involves the hydroxyl group, rather
than the cationic amino group. Thus it is likely that
ethanolamine-phosphate interactions are much stronger than
interactions between simple amines and phosphate ions. In
fact, this conclusion is sﬁpported by other spectroscopic
studies, which indicate that phenylethylamines (phenyl-
ethanolamines without the hydroxyl group) do not bind to the
phosphate moiety of ATP, whereas phenylethanolamines do (38).

Interaction between the ethanolamine moieties of
hydroxylysine residues and single phosphate ions could
provide a second major mechanism for binding phosphate ions
to bone collagen. At physiological pH levels, ortho-
phosphate exists primarily as a mixture of H2POZ and HPO4=
ions. As discussed previously, H2PO4' ions show a
remarkable tendency to aggregate into hydrogen-bonded

arrays, with which the ethanolamine moieties of hydroxylysine
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should be able to interact strongly. Alternatively, the
hydroxylysine residues could bind to single phosphate
anions, through interactions similar to those depicted in
Figures 8 and 11. This second mode of interaction appears
to be particularly favorable for HPO4= anions, which
display less tendency to aggregate than do HyPO4~ ions.
Thus hydroxylysine residues could serve as ideal binding
sites for both monohydrogen phosphate anions and dihydrogen
phosphate ions. Considering the importance of the

hydroxyl group in the formation of phosphate-ethanolamine
complexes, one might reasonably expect that phosphates
would have a much higher affinity for hydroxylysine than for
lysine or other cationic sites of collagen.

Interactions like those depicted in Figures 8 and 11
are also of likely importance in controlling biological
interactions between ATP and phenyvlethanolamines. In
biological systems, epinephrine and norepinephrine, two
phenylethanolamines that function as hormones and neuro-
transmitters, when released from storage vesicles
diffuse to appropriate receptor sites (2,35). Various
studies have indicated that these phenylethanolamines are
complexed with ATP in storage vesicles (13,21,22,38), and
it has been suggested that ATP-phenylethanolamine complexes
are somehow involved at the receptor sites (34). Spectro-
scopic studies have demonstrated the presence of

phenylethanolamine ATP complexes in aqueous solution
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(22,38) and one infra-red absorption study indicates that
similar complexes occur in vivo in adrenal medullary
storage granules (22).

Three very important conclusions can be drawn from
nuclear magnetic resonance (NMR) studies (38) of aqueous
solutions consisting of a mixture of epinephrine and ATP.
First, stacking interactions between the adenine ring and
the aromatic ring of epinephrine apparently contribute
little to the formation of the epinephrine ATP complex;
second, since epinephrine binds equally well to ATP and AMP,
it is likely that only one phosphate of ATP is involved;
and third the hydroxyl group of the epinephrine is required
for the binding of ATP, thus indicating that the inter-
action is not primarily due to coulombic attraction between
the protonated amino group and the negatively charged
phosphate moiety of ATP. This evidence suggests that,
since the complex primarily involves binding between the
ethanolamine moiety of epinephrine and a POy group of ATP,
the crystal structure of phosphate-ethanolamine complexes
should serve as suitable model systems for understanding
the mechanisms by which epinephrine and norepinephrine
bind to ATP. Since the conformations of ephedrine and
B-ethanolamine are closely related to those of epinephrine
and norepinephrine, the same type of phosphate-ethanolamine
hydrogen bonding occurring in the crystal structures of

ephedrine monohydrogen phosphate and B-ethanolamine
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monohydrogen phosphate should also govern phosphate
interactions with the adrenergic phenylethanolamines.
Considering the conformational and phosphate-binding
properties of phenylethanolamines, a model that is
consistent with my crystallographic data can be composed
of phenylethanolamine-ATP complexes. This model is shown
in Figure 13, prepared by combining the actual structure
of ATP (as determined from a crystallographic study of
sodium ATP (15)) with the ephedrine-phosphate complex that
I observed in the crystal structure of ephedrine mono-
hydrogen phosphate. This combination was accomplished
by replacing the terminal phosphate group of ATP with the
HPO, anion from the ephedrine salt. When the phosphate
group is transposed, along with the two ephedrine molecules,
the resultant configuration is the one depicted in
Figure 13. Because this configuration is derived directly
from the precise results determined from the solid-state
structures of ATP and ephedrine monohydrogen phosphate, and
because it is consistent with the spectroscopic data on the
phenylethanolamine-ATP complexes, it serves as a convincing
model for the complexes that phenylethanolamines form with

ATP in biological systems.
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Figure 13.

Hypothetical ATP-ephedrine complex drawn by using the
atomic coordinates of ATP and ephedrine from the crystal
structure of sodium ATP and ephedrine phosphate. This
combination was accomplished by replacing the terminal
phosphate group of ATP with the HPO, anion from the

ephedrine salt.






CONCLUSIONS

The results of those crystallographic studies,
combined with previously existing information pertinent to
B-ethanolamine phosphate interactions, lead to four major
conclusions: |

(1) pB-ethanolamines generally assume a preferred
conformation in which the o-hydroxyl group is situated
gauche to the amino group. Although I believe this
conformation is favored primarily because of a coulombic
attraction between the amino cation and the electron rich
hydroxyl group, it is likely that steric repulsion between
the amino moiety and bulky substituents on C(7), such as
the phenyl ring of phenylethanolamines, is also important
in maintaining this preferred conformation.

(2) This preferred gauche conformation of B-ethanol-
amines established a specific geometrical arrangement of
hydrogen bond donor sites (the amino and hydroxyl groups),
thus limiting the geometries of hydrogen-bond acceptors
that can interact with ethanolamines. The adjacent oxygen
atoms in the phosphates have the proper spaéing and geometry
to serve as particularly suitable hydrogen-bond acceptor
sites, and our crystallographic results demonstrate

that any B-ethanolamine in this preferred conformation is
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capable of forming a strong hydrogen-bonded complex with
phosphate anions.

(3) Hydrogen bonding between phosphate anions and
the B-ethanolamine moieties of hydroxylysine residues in
bone collagen, may provide an important mechanism for the
binding of phosphate minerals to the collagen matrices of
bones and teeth. The sidechain of hydroxylysine would be
expected to interact with phosphates through one of the
two mechanisms suggested by these crystallographic studies
(i.e. by interacting with dihydrogen phosphate arrays, Or
by binding single monohydrogen phosphate anions).

(4) This same type of phosphate B~ethanolamine inter-
action can account for the binding of epinephrine and
norepinephrine to the phosphate moiety of ATP. It is
important to éﬁphasize that these crystallographic studies
yield a type of interaction consistent with all available
spectroscopic data. The formation of two hydrogen
bonds from the phenylethanolamine to the phosphate anions
of ATP is probably instrumental in establishing the ATP-
pPhenylethanolamine complexes observed in adrenergic storage

vesicles.



SUGGESTIONS FOR FUTURE RESEARCH

A number of questions concerning the conformational
and phosphate-binding properties of ethanolamines remain
unanswered, and require additional investigation. Many
of these questions could be subjected to further study
by X-ray diffraction and by spectroscopic methods, either
of which might clarify the general biological importance
of the interactions that have been observed in these
crystallographic studies. Examples of the type of studies
that are feasible and would be particularly useful include:

(1) Examination of the effects that divalent cations
exert on the hydrogen-bonding between phosphates and
ethanolamines. These crystallographic results have included
rather idealized model systems, which contained only
ethanolamines, phosphates, and water. However, for many
biological processes, particularly mineralization processes,
one would expect that calcium and magnesium ions might also
be involved. Would these ions disrupt the phosphate-
ethanolamine and phosphate-phosphate interactions that have
been observed in this model system? This question could
be answered by crystallizing ethanolamines as either calcium
phosphate or magnesium phosphate complexes. Useful

information concerning the effects of cations on the
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solution interactions could be obtained by repeating the
spectroscopic studies with calcium and magnesium ions
included in the system.

(2) These crystallographic results have suggested a
feasible model for ATP-phenylethanolamine complexes, and,
although this model is compatible with spectroscopic data,
it must be regarded as somewhat speculative until more
direct structural data are obtained. Direct verification
should be made possible by determining the crystal structure
of a phenylethanolamine salt of ATP. |

(3) The spectroscopic studies of phosphate-ethanolamine
complexes have included only phenylethanolamines. My
crystallographic results provide strong evidence that
the same types of interactions should be possible for
alkylethanolamines (e.g. the sidechain of hydroxylysine},
and such evidence could be verified by spectroscopic
investigations of aqueous solutions. The experimental
approach established by the earlier spectroscopic
studies of phenylethanolamine~ATP complexes, could be

easily extended to include alkylethanolamine phosphates.
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