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A I -day x-ray diffraction experiment on DL-proline monohydrate was performed at 100 
kelvin with synchrotron radiation and a charge-coupled device area detection technique. 
The accuracy of the charge density distribution and of the related electronic properties 
extracted from these data is comparable or even superiorto the accuracy obtained from 
a 6-week experiment on DL-aspartic acid with conventional x-ray diffraction methods. 
A data acquisition time of 1 day is comparable to the time needed for an ab initio 
calculation on the isolated molecules. This technique renders larger molecular systems 
of biological importance accessible to charge density experiments. 

T h e  paramount importance of a charge 
density distribution p(r) (where r is a vector 
in crystal space) lies in the fact that all 
structural elements of an electronic system 
can be derived from its topology (1 ). On the 
basis of this physical observable, the theory 
of "atoms in molecules" provides an atomic 
nartitionine of the molecule and leads to 

0 

the quantum definition of molecular func- 
tional groups. Properties directly deducible 
from p(r), such as the electrostatic potential 
(EP), can provide information on how mol- 
ecules might react and how to "design" 
them for specific applications (2) .  This 
function is widelv used in molecular mod- 
eling and design because the chemical and 
biological functionalitv of a molecule is 
close6 related to the potential induced by 
its charge distribution (3). 

The electron density can be obtained 
not only by theoretical methods but also 
by experimental interpretation o i  single- 
crystal x-ray diffraction data (4).  Al- 
though this method has been known for 
more than 30 vears 1.5) and manv studies ~, 

have demonstrLted its success (4 ,  6) ,  its 
wider annlication has been limited be- 

L. 

cause of complicated and time-consuming 
experimental requirements. Bragg reflec- 
tion intensities must measured at high 
resolution (d < 0.5 A or sin 8/A > 1.0 
A-') (7) and at low temperature (T - 100 
K or even lower). Data collection may 
take several weeks or even months, if the 
conventional serial data collection tech- 
nique (with a scintillation counter) is 
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used. The use of area detectors [imaging 
plates or charge-coupled devices (CCDs)] 
for small-molecule x-rav work reduces the 
time requirements subsktial ly (8). It is, 
however, an oDen debate whether area 
detectors can provide the sufficiently 
high-quality data needed for charge den- 
sitv determination. 

We report here the collection of an x-ray 
data set suitable for the charge density de- 
termination of DL-proline mokohydratk (9)  
(Fig. 1A). The data set was collected at the 
synchrotron bean1 line D3 of the storage 
ring DORIS111 at the Hasylab/Deutsches 
Elektronen-Svnchotron. Hamburg. The " 

combination of a prirn2ry radiation of 
wavelength A = 0.496 A (Si monochro- 
mator) with a Siemens CCD detector 
mounted on the detector arm of a Huber 
four-circle diffractorneter allowed the col- 
lection of 33,742 Bragg reflections up to 
sin 8/A = 1.12 A- '  within 1 day. During 
the measurement, the temperatire of the 
crystal was maintained at 100 K. The data 
were reduced to 6758 symmetry-indepen- 
dent reflections, so that roughly four to 
five observations contributed to each av- 
erage intensity value. The internal resid- 
ual, a reliability measure for the agreement 
of symmetry-related reflections, was 4.3%. 

The electron density was represented 
by the "rigid-pseudoatom" model, as for- 

, L -, 

optimized exponents (1 2 ) .  The expansion 
was terminated at the hexadecapolar and 
dipolar level for the heavy and hydrogen 
atoms, respectively. The unit cell was kept 
neutral, and no charge transfer was al- 
lowed between the water and the proline 
molecule. The refinement of 309 variables 
against 5238 observed reilections [F > 
3o(F) ,  where o ( F )  is the standard uncer- 
tainty of the structure factor F] yielded a 
weighted residual R,, of 0.0208, a goodness 
of fit of 1.35, and a featureless residual 
p(t.1. 

We compared the experimental density 
and related properties with those obtained 
theoretically [at the HF/6-311+ +G(3df,3pd) 
level] (1 3,  14) and with those derived by a 
state-of-the-art conventional diffraction ex- 
periment for DL-aspartic acid (1 5) (Fig. 1, A 
and B). This experiment took Inore than 6 
weeks and resulted in the most extended 
conventional d:ta set available to date 
(sin 8/A = 1.37 Ap';  data were collected at 
20 K with Ag Ka radiation and a solid-state 
detector). 

The Laplacian [CZp(r)] function maps 
those regions of space where charge is 
locally concentrated [VZp(r) < 01 or de- 
pleted [C2p(r) > 01 (1 ). The experimental 
negative Laplacian functions in the plane 
of the carboxylate groups (Fig. 2, A and B) 
Lvere used to judge the similarities between 
the two amino acids and the physical sig- 
nificance of the densities. The relevant 
features are the bonded valence shell 
charge concentrations (VSCC) shown by 
both maps as local maxima in the bonds 
near the atoms. The nonbonded VSCCs 
(associated with the lone pair electrons) of 
the oxygen atoms in proline are more 
pronounced than those in aspartic acid, an 
important observation considering the 
difference in resolution between the two 
data sets. 

- 
O(1) O(3) 

Fig. 1. Graphcal representaton of prollne (A) and aspari~c acd (B) molecules (79) 
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Fig. 2 Rel~er plots or tne expenmenu negarive Laplaclan alstnDunons DL-aspartic acla (6) tor cornpanson. we generated mth maps using the 
[-V2p(r)J in the planes of the carboxylate groups of DL-proline - H20 (A) and XDGWH module of the XD program system (9). 

Bond-topological parameters (BTPs) 
were calculated at the bond critical points 
(CPs), defined by vectors rb, where Vp(rb) 
= 0. The BTPs, such as the values of p(rb) 
and the Laplacian function [VZp(rb)], al- 
low a quantitative comparison of atomic 
interactions in the two compounds. Exper- 
imental BTPs were obtained for both sub- 
stances, and theoretical BTPs were calcu- 
lated for proline at the experimental loca- 
tions of the bond CPs. There is a fair 
agreement between theory and experi- 
ment (Table I), especially for the p(rb) 
values. The experimental and. theoretical 
values of p(r) (0.3010.28 e/A3, where e is 
the electronic charge)' and VZp(r) (4.816.0 

e/A5) at the ring CP indicate that the two 
methods give basically the same results 
even in the low-density regions, relatively 
far away from the nuclei. More important- 
ly, the experimental BTPs of proline are in 
excellent accord with those found for 
analogous bonds in aspartic acid. 

The dipole moment of the proline mol- 
ecule, calculated from the monopole and 
dipole populations, is 13.0 D (the Debye 
unit D = 3.336 x C m), which is 
in good agreement with the value of 12.1 
D obtained by a measurement in aqueous 
solution (16). We calculated the EP from 
the multipole model density, using the 
method of Su and Coppens (1 7), which 

permits the correct evaluation of this 
function at any point. Isopotential maps 
are displayed in Fig. 3, A and B. The 
dominant feature of the two potential 
maps is the continuous electronegative re- 
gion around the carboxylate group, which 
is found to be more extended on the ex- 
~erimental than on the theoretical EP 
map. We also observed a similar polariza- 

Table 1. Topological parameters of bonds 
formed by nonhydrogen atoms. The first and sec- 
ond lines in each set refer to theoretical [HF/6- 
311 ++G(3df,3pd)J and experimental values for 
DL-proline - H20; the third line gives experimental 
values for DL-aspartic acid. The numbers in paren- 
theses indicate the errors in the last digit. 

Bond 

Fig. 3. Three-dimensional iswurface representation of the experimental (A) and theoretical (0) electro- c(2w3) 
static potential of the proline molecule. Surfaces are drawn at constant positive and negative potentials 
of 0.6 e/A (blue) and -0.2 e/a (red). The experimental map (A) is based on the monomolecular density 
isolated from the crystal structure. This potential unit, together with the EP of the water molecule, is the c(3W(4) 
building block of the crystal's electrostatic potential. Its comparison with the EP of the isolated molecule, 

C(4W(5) derived from ab initio calculation (B), reveals polarization effects caused by the crystal field. We gener- 
ated both maps using the XDGWH module of the XD program system (9). 
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tion for aspartic acid and attributed it to 
the effect of hydrogen bonds present in 
the crystal. 

Our diffraction experiment results 
demonstrate that the combillation of svn- 
chlotron prmarv radi2tlon at a wave- 
length around h = 0.5 A n l t h  a CCD area 
detector can provide a high-precision data 
set, suitable for accurate charge density 
determination in a few hours. T h e  results 
obtained are colnparable or even superior 
to those typically derivable from serial 
counter data. T h e  short acquisition times 
open new perspectives for the application 
of the method o n  larger inolecules of bio- 
logical importance. In such cases, al- 
though the number of reflections increases 
drastically, there is almost no increase in 
the ~neasuring time, if an area detector is 
used. Although the experimental condi- 
tions are not  yet at an optimum, in the 
near future, the oroblems associated with 
the studies of large systems might be lirn- 
ited to the crystal size and quality rather 
than to the measuring time. Further im- 
provements can he expected not only from 
developments in  the intensity integration 
and data-processing strategies of the area 
detectors 11 8) but also from the intensitv 
increase of synchrotron radiation sources 
in the next generation. 
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Space Geodetic Observations of Nazca-South 
America Convergence Across the Central Andes 

Edmundo Norabuena, Lisa Leffler-Griffin, Ailin Mao, 
Timothy Dixon, Seth Stein," I. Selwyn Sacks, 

Leonidas Ocola, Michael Ellis 

Space geodetic data recorded rates and directions of motion across the convergent 
boundary zone between the oceanic Nazca and continental South American plates in 
Peru and Bolivia. Roughly half of the overall convergence, about 30 to 40 millimeters per 
year, accumulated on the locked plate interface and can be released in future earth- 
quakes. About 10 to 15 millimeters per year of crustal shortening occurred inland at the 
sub-Andean foreland fold and thrust belt, indicating that the Andes are continuing to 
build. Little (5 to 10 millimeters per year) along-trench motion of coastal forearc slivers 
was observed, despite the oblique convergence. 

T h e  high neaks and volcanoes of the Andes - 
and the great earthquakes along the South 
American coast are dramatic tnanifestations 
of ocean-continent plate convergence be- 
cause the oceanic Nazca plate subducts he- 
neath South America. Convergence occurs 
over a 500- to 1000-km-wide boundary zone, 
within which several styles of deformation 
play a major role in t1;e evolution of the 
South Ainerican continent (1 ) .  

W e  studied this convergence using u u 

space-based geodetic techniques: the global 
positioning system (GPS), Satellite Laser 
Ranging (SLR), and the Doppler Orbitog- 
raphy and Radiopositioning Integrated Sat- 
ellite System (DORIS). These techniques 
combine precise satellite-based timing, 
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ranging, and orbit estimation to nleasure 
the positions of geodetic lnonuments to 
centiineter i better accuracy, such that 
measurements over time yield precise rela- 
tive velocities ( 2 ) .  

The total relative plate motion is thought 
to be partitioned into several components 
(Fig. 1). Some nlotion accumulates on 
locked portions of the plate interface at the 
trench, causing transient elastic deforma- 
tion, and is released when the interface rup- 
tures in large thrust earthquakes (3) .  Some 
inotion v~ould be expected to occur by stable 
sliding at the interface, because the slip rate 
fro111 large subduction zone earthquakes is 
typically less than the plate motion (4). The 
Andes and their thick crustal root (5) sug- 
gest that some of the mot~oll causes nerma- u 

nent deformation through crustal shortening 
and mountain building. Geological studies 
and seismicity suggest that the high Alti- 
plano plateau should be largely stable and 
that shortening by thrust faulting and folding 
occurs in the sub-Andean foreland fold and 
thrust belt to the east i6. 7 ) .  In addition, 
because convergence is oblique to the trench 
through much of the region, some trench- 
narallel inotion of coastal forearc slivers 
might be expected (8). 

Using space geodesy, we observed the 
motion of sites within a section across the 
plate boundary zone. We used GPS to 111011- 
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