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Fig. 3. Schematic cross section of a mammalian
lens.

quences from —75 to —26 are highly con-
served among the different members of the
y-crystallin gene family (11, 13), while those
further upstream show little homology (6),
it is possible that the latter sequences are
involved in the differential expression of the
y-crystallin genes during lens development.

Overbeek and co-workers (14) have previ-
ously shown that a DNA fragment contain-
ing the mouse aA-crystallin promoter cou-
pled to the bacterial gene for chlorampheni-
col acetyltransferase (CAT) directed tissue-
specific expression of CAT as detected in
extracts prepared from both lens epithelium
and fiber cells. However, this approach did
not provide the detailed in situ resolution
afforded by the B-gal assay described here.
While B-gal constructs have been used suc-
cessfully in P-element transformation of
Drosophila (15), our study demonstrates that
$3-gal can be used to localize gene activity in
situ in transgenic mice.

Slit lamp examination of the lenses of
mice expressing the y2-crystallin—f-gal hy-
brid gene revealed no evidence of cataract
formation, suggesting that high level expres-
sion of the bacterial enzyme is not deleteri-
ous to lens function. We cannot exclude the
possibility that high levels of B-gal activity
are injurious in other developmental con-
texts, a possibility that is being investigated
with various promoter—@3-gal constructs in
transgenic mice. The use of B-gal as a report-
er gene in transgenic mice also assumes that
post-transcriptional processes affecting its
expression would be the same in all cell
types. At the present time this is only an
assumption. The lower limits of enzyme
activity detectable in tissue sections remain
to be determined. However, B-gal-based
hybrid genes hold considerable potential for
studying the developmental regulation of
gene expression in situ in transgenic mice.
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Crystallographic R Factor Refinement by

Molecular Dynamics

AXEL T. BRUNGER, JoHN KURIYAN, MARTIN KARPLUS

Molecular dynamics was used to refine macromolecular structures by incorporating
the difference between the observed crystallographic structure factor amplitude and
that calculated from an assumed atomic model into the total energy of the system. The
method has a radius of convergence that is larger than that of conventional restrained
least-squares refinement. Test cases showed that the need for manual corrections
during refinement of macromolecular crystal structures is reduced. In crambin, the
dynamics calculation moved residues that were misplaced by more than 3 angstroms
into the correct positions without human intervention.,

RYSTALLOGRAPHIC STRUCTURE DE-

terminations by x-ray or neutron

diffraction generally proceed in two
stages. First, the phases of the measured
reflections are estimated and a low- to medi-
um-resolution mode] of the protein is con-
structed and second, more precise informa-
tion about the structure is obtained by refin-
ing the parameters of the molecular mod-
el against the crystallographic data (I).
The refinement is performed by minimizing

A. T. Briinger and M. Karplus, Department of Chemis-
try, Harvard University, Cambridge, MA 02138.

J. Kuriyan, Department of Chemistry, Harvard Universi-
ty, Cambridge, MA 02138, and Department of Chemis-
try, Massachusetts Institute of Technology, Cambridge,
MA 02139.

the crystallographic R factor, which is de-
fined as the difference between the observed
[\Fobs(# k I)I] and calculated [IFcqc(b & 1)1]
structure factor amplitudes,

D Fops(h ke )l = IFeaio(h k DI
bkl

R= 1)
hZ“ \Fops(h & 1)1

where / k | are the reciprocal lattice points of
the crystal.

Conventional refinement involves a se-
ries of steps, each of which consists of a
few cycles of least-squares refinement with
stereochemical and internal packing con-
straints or restraints (2-5) that are followed
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by rebuilding the model structure with in-
teractive computer graphics (6). Finally, sol-
vent molecules are included and alternative
conformations for some atoms in the pro-
tein may be introduced. Conventional re-
finement is time-consuming, because the
limited radius of convergence of least-
squares algorithms necessitates the periodic
examination of electron density maps which
are computed with various combinations of
Fobs and F,c as amplitudes and with phases
calculated from the model structure. The
radius of convergence is given theoretically
by d/4, where 4 is the highest resolution
reflection included in the least-squares re-
finement (5). Although reduction of the
resolution increases the radius of conver-
gence, it also decreases the information
available from the experimental data. Re-
strained least-squares refinement in general
does not correct residues that are displaced
by more than 1 A. Also, the least-squares
refinement process is easily trapped in a local

minimum so that human intervention is -

required. We refer to the approach that
combines restrained least-squares refine-
ment with model-building as “manual re-
finement.”

Simulated annealing (7), which makes use
of molecular dynamics to explore the con-
formational space of the molecule, can help
overcome the local-minimum problem. This
has been shown in the application of molec-
ular dynamics to structure refinement with
nuclear magnetic resonance (NMR) data
(8). However, in contrast to the NMR
application (8), the initial model for crystal-
lographic refinement cannot be arbitrary. It
has to be relatively close to the correct
geometry to provide an adequate approxi-
mation to the phases of the structure factors.

Molecular dynamics simulations were per-
formed by solving Newton’s equations of
motion (9) with forces on the atoms derived
from an empirical potential energy that de-
scribed stereochemical and nonbonding in-
teractions (10). Molecular dynamics was in-
corporated into the crystallographic refine-
ment by adding the effective potential ener-

gy
Eg= Sgl [IEops (B k1) — 1Feuc(h kDI (2)

to the empirical potential energy used in the
CHARMM program (11). The effective po-
tential energy Eg describes the differences
between the observed structure factor ampli-
tudes and those calculated from the atomic
model; it is identical to the function used in
standard least-squares refinement methods
(5). The scale factor § was chosen such that
the gradient of E¢ was comparable in mag-
nitude to the gradient of the empirical po-
tential energy of a molecular dynamics simu-
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Root-mean-square difference (A)

Residue number

Fig. 1. Atomic rms difference from the manually
refined x-ray structure of crambin for the initial
NMR-derived structure (—), the restrained
least-squares-only refined ‘structure (....), and
the MD-refined structure (———); the rms differ-
ences are plotted as a function of residue number
for (A) backbone (C, N, Ca) and (B) side chain
atoms.

lation in which § was set to zero. To reduce
the computational time required to compute
E and its derivatives, we used a harmonic
approximation for the dependence of Es on
the atomic coordinates (5); once any atom
moved by more than 0.4 A, Ey and the
derivatives for all atomic coordinates were
recomputed. We refer to refinement by mo-
lecular dynamics with the effective potential
energy Eg as “MD-refinement.” Although

variable temperature factors and solvent
molecules can be included in a straightfor-
ward manner, the present applications used
a constant temperature factor and did not
include solvent.

As a first test the method was applied to
crambin, a small protein of 46 amino acids,
for which high-resolution x-ray diffraction
data and a refined structure (determined by
resolved anomalous phasing and conven-
tional least-squares refinement with model-
building) are available (12). The initial
structure for the MD-refinement was ob-
tained from an NMR structure determina-
tion that used simulated data (8); the orien-
tation and position of the NMR-derived
crambin molecule in the unit cell was deter-
mined by molecular replacement (13). The
root-mean-square (rms) differences for resi-
due positions of this initial structure and the
final manually refined structure (12) are as
large as 3.5 A, with particularly large differ-
ences for residues 34 to 40 (Fig. 1); the R
factor of the initial structure is 0.56 at 2 A
resolution (Table 1). MD-refinement at
3000 K started with 4 A resolution data for
2.5 psec and was extended to 3 A resolution
for 2.5 psec and finally to 2 A resolution for
5 psec. This procedure was followed by
several cycles of minimization that reduced
the atomic rms deviations to 0.34 and 0.56
A for the backbone and side chain atoms,
respectively (Table 1). The MD-refined
structure has only a few significant differ-
ences from the manually refined structure
(Fig. 1). During the MD-refinement, some
atoms in residues 35 to 40 moved by more
than 3 A (Fig. 1B). The refinement of the
crambin structure has been achieved by
starting from the initial NMR-structure and
continuing without human intervention.

Table 1. Refinement of crambin and of a-amylase inhibitor. The R factor for crambin was computed
with constant temperature factors (B = 10 A2 for side chain atoms, B = 6 AZ for backbone atoms) at 2

resolution; the R factor for a-amylase inhibitor was computed with constant temperature factors (B
= 20 A2 for side chain atoms, B = 15 A2 for backbone atoms) at 2.06 A resolution.

rms difference (A) T

Structure R factor Bbona™ Aangie
(A) (degrees) Backbone Side chain

Crambin

Initial 0.56 0.017 4.13 1.06 1.40

Least-squares refined+ 0.381 0.086 11.06 0.92 1.30

MD-refined 0.294 0.029 4.48 0.34 0.56

Manually refined§ 0.258 0.014 2.53 0.08 0.12
a-Amylase inhibitor

Initial 0.405 0.024 3.36 0.40 0.97

Least-squares refined$ 0.305 0.017 3.49 0.22 0.85

MD-refined 0.271 0.015 3.03 0.23 0.89

Manually refined§ 0.272 0.014 2.88 0.12 0.19

*Root-mean-square deviations of bond lenfrhs and bond angles from ideality.
For crambin, 6, 13, and 14 cycles of PROLSQ (2) at 4, 3, and 2 A

manually refined structures (12, 15).

TAtomic rms differences from the

resolution without model-building were used; the large values for Apona and Aunge in the table are caused by loose
stereochemical restraints that were applied to obtain a lower R factor. For the o-amylase inhibitor, 50 cycles of
conjugant gradient minimization (11) that included E (Eq. 2) at 2.06 A resolution without model-building were
used. §For comparison, the manually refined structures (12, 15) were subjected to refinement without solvent and

with constant temperature factors.
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The R factor (0.294) of the MD-refined
structure is somewhat higher than the R
factor (0.258) of the manually refined struc-
ture without solvent and with constant tem-
perature factors; minor model-building is
required to correct this difference. The re-
finement required approximately 1 hour of
central processing unit (CPU) time on a
CRAY 1; structure factor calculations ac-
counted for about half this time.

As a control, the initial NMR-derived
structure was refined without rebuilding by
a restrained least-squares method (2) that
started at 4 A resolution and then increased
the resolution to 3 A, and finally to 2 A. The
R factor dropped to 0.381, but the very bad
stereochemistry and large deviation from the
manually refined structure (Table 1) indicat-
ed that this structure did not converge to the
correct result; residues 34 to 40 did not
move (Fig. 1) and substantial model-build-
ing would be required to correct the struc-
ture. Thus, restrained least-squares refine-
ment in the absence of model-building did
not produce the large conformational
changes that occurred in MD-refinement.

In another application, MD-refinement
was used with human a-lactalbumin, a pro-
tein composed of 123 amino acids, for
which an initial structure had been obtained
by molecular replacement using baboon a-
lactalbumin, phasing with the molecular re-
placement model and preliminary model-
building (14); conventional refinement had
not been done. The initial and the MD-
refined structure have R factors of 0.537 and
0.276 at 2.5 A resolution, respectively; the
deviations of bond lengths from ideality of
the initial and the MD-refined structure are
0.042 and 0.034 A, respectively. The rms
difference between the initial and MD-re-
fined structure is 1.06 A and 2.05 A for
backbone and side chain atoms, respectively;
eight atoms moved by more than 5 A during
the MD-refinement.

The applicability of the method to a case
for which a good initial model is available
was examined by using MD-refinement with
the a-amylase inhibitor Hoe-467A, a pro-
tein composed of 74 amino acids, for which
high-resolution x-ray diffraction data and a
refined structure exist (15); the results are
given in Table 1. The initial structure was
built from an isomorphous-replacement
electron density map and has a relatively low
R factor (0.405 at 2.06 A resolution). MD-
refinement was performed at 2.06 A resolu-
tion for 2.5 psec followed by minimization.
MD-refinement produced a better R factor
than least-squares refinement without mod-
el-building (0.271 compared to 0.305, see
Table 1) and the same value as manual
model-building without solvent and with
constant temperature factors.
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Thunderstorms: An Important Mechanism in the

Transport of Air Pollutants

R. R. DICckERSON, G. J. HUFrMAN, W. T. LUKE,
L. J. NUNNERMACKER, K. E. PICKERING, A. C. D. LESLIE,
C. G. Linpsey, W. G. N. SuinnN, T. J. KeLLy, P. H. DAuM,

A. C. DELANY, J. P. GREENBERG, P.
J. D. Ray, D. H. STEDMAN

R. ZIMMERMAN, J. F. BOATMAN,

Acid deposition and photochemical smog are urban air pollution problems, and they
remain localized as long as the sulfur, nitrogen, and hydrocarbon pollutants are
confined to the lower troposphere (below about 1-kilometer altitude) where they are
short-lived. If, however, the contaminants are rapidly transported to the upper
troposphere, then their atmospheric residence times grow and their range of influence
expands dramatically. Although this vertical transport ameliorates some of the effects

of acid rain by diluting atmospheric acids,

it exacerbates global tropospheric ozone

production by redistributing the necessary nitrogen catalysts. Results of recent
computer simulations suggest that thunderstorms are one means of rapid vertical
transport. To test this hypothesis, several research aircraft near a midwestern thunder-
storm measured carbon monoxide, hydrocarbons, ozone, and reactive nitrogen com-
pounds. Their concentrations were much greater in the outflow region of the storm,
up to 11 kilometers in altitude, than in surrounding air. Trace gas measurements can
thus be used to track the motion of air in and around a cloud. Thunderstorms may
transform local air pollution problems into regional or global atmospheric chemistry

problems.

ZONE (O3) CONTROLS MUCH OF
O the chemistry of the global atmo-

sphere. When the sun shines on air
polluted with automobile exhaust, photo-
chemical reactions of nitrogen dioxide
(NO), nonmethane hydrocarbons, and car-
bon monoxide (CO) produce “Los Ange-
les—type smog” containing high concentra-
tions of O3 and other oxidants. When these
oxidizing agents then react with NO, to
form nitric acid (HNQO3) and with SO, to
form sulfuric acid (H,SO4), acid rain can
result. On a local scale, photochemical smog
and acid rain (more accurately called acid
deposition) are serious environmental prob-
lems; how far these phenomena extend on
the regional or global scale is a major unan-
swered question in atmospheric sciences (1
3).

Pollutants travel farther at higher alti-
tudes. In the lowest kilometer of the atmo-
sphere, the planetary boundary layer (PBL),
friction with the earth’s surface reduces
wind speeds. A temperature inversion often
isolates the air at the top of the PBL from
the rest of the troposphere; the troposphere,
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