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Abstract 

The parameters affecting the crystal quality of com- 
plexes between p21 n .... and caged GTP have been 
investigated. The use of pure diastereomers of caged 
GTP complexed to the more stable p21(G12P)' 
mutant of p21 and the addition of n-octyl-fl-D- 
glucopyranoside improved the reproducibility and 
decreased the mosaicity of the crystals significantly. 
Furthermore, the crystallization technique was 
changed from the batch method to the sitting-drop 
technique. With the availability of a larger yield of 
well ordered crystals, it was possible to extend the 
time-resolved crystallographic investigations on 
p21H ..... . A structure of p21(G12P)':GTP could be 
obtained 2 min after photolytic removal of the cage 
group and led to the identification of a previously 
unidentified conformation for the so-called cata- 
lytically active loop L4. The refinement of five data 
sets collected within 2 min at different times (2-4, 
11-13, 20-22, 30-32 and 90-92 min) after the initia- 
tion of the intrinsic GTPase reaction of the protein 
indicates that the synchrotron Laue method can be 
used to detect small structural changes and alter- 
native conformations, but is presently limited in the 
analysis of larger rearrangements since these produce 
diffuse and broken electron density. 
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Abbreviations 

p21 c', truncated p21H ..... (residues 1-166); 
p21 (G12P)', truncated p21H-r,~s with the mutation 
G12P; SA, simulated annealing; r.m.s., root mean 
square. 

Introduction 

X-ray crystallography and multidimensional NMR 
techniques are revealing more and more three- 
dimensional protein structures. These structures are 
the basis for rational structure-based work on and 
with proteins. Due to the long data-acquisition 
times, these methods are limited to long-lived struc- 
tures. Since protein reactions are dynamic processes, 
time-resolved techniques are needed to investigate 
them. The revival of the Laue method [stationary 
crystal, polychromatic X-ray diffraction analysis 
(Friedrich, Knipping & Laue, 1912; Amoros, Buer- 
ger & Amoros, 1975)] for protein and virus crystal- 
lography in the past decade has resulted in a number 
of new structures being solved (for reviews see, 
Moffat, 1989; Helliwell et al., 1989; Hajdu & 
Johnson, 1990; Hajdu & Andersson, 1993). The main 
advantages of this synchrotron technique are the 
high efficiency for recording X-ray diffraction data 
and the enormous reduction of the acquisition time. 
Therefore, using this technique, it should be possible 
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to study reactions in crystals which could improve 
our understanding of enzyme reactions. 

p21H ..... was one of the first proteins for which the 
structure of an unstable complex with a substrate 
(GTP) was determined by time-resolved Laue crys- 
tallography (Schlichting et al., 1990). The human 
proto-oncogene product p21H . . . . .  is a small (apparent 
molecular weight = 21 kDa) guanine nucleotide 
binding protein which is believed to function as a 
molecular switch in signalling events of cell growth 
and differentation (for reviews, see Barbacid, 1987; 
McCormick, 1989). The switch is 'on' if GTP is 
bound and 'off' in the GDP-bound state, p21 is 
inactivated in the sense of signal transduction by the 
hydrolysis of GTP to GDP, which is performed 
either by the protein itself or in an accelerated 
manner by interacting with effector proteins called 
GAP (GTPase activating protein) such as pl20-GAP 
or NF1-GAP (Bollag & McCormick, 1991). The 
question of how this on-off cycle works at the 
molecular level has aroused considerable interest. 
The crystal structures of p21 complexed with non- 
hydrolyzable GTP analogs and with GDP have dif- 
ferent conformations (Pai et al., 1990; Milburn et al., 
1990; Jurnak, Heffron & Bergmann, 1990). The con- 
formational transition due to the hydrolysis of GTP 
to GDP seems to be the key to the mechanism of all 
guanine nucleotide binding proteins. 

These conformational changes of p21 during the 
intrinsic GTPase reaction are the focus of the time- 
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Fig. 1. Structures of the four different cage groups used for caged 

GTP during the crystallographic studies on p21" ...... . CI: l-(2- 
nitrophenyl)ethyl-, the asterisk marks the asymmetric substi- 
tuted C atom of the cage group; caged (R,S)-GTP is a mixture 
of pure caged(R)-GTP and pure caged(S)-GTP (ratio c a  1:!) 
according to Cahn-Ingold-Prelog nomenclature; C2: 2- 
nitrobenzyl-; C3: bis(2-nitrophenyl)methyl-; C4: 2-oxo-2-(4- 
methoxyphenyl)ethyl-. 

resolved investigations. The intrinsic GTPase rate of 
p21 (T~/2 = 23 min in solution and T~/2--40 min in 
the crystal, both at 293 K) is slow. Fast and uniform 
reaction initiation throughout the crystal is, there- 
fore, no problem when using photolysis of caged 
GTP, a biologically inert precursor of GTP. Previous 
kinetic Laue studies on p21 were hampered by the 
low quality (high mosaicity) of the p21':caged-GTP 
crystals: only two out of 26 crystals of wild-type p21 
were ordered enough for data processing. Data sets 
were collected 4 and 14 min after photolysis, rep- 
resenting the p21':GTP and a mixed p21':GTP/ 
p21':GDP complex, respectively. It was hoped that 
substituting the racemic mixture of C l-caged(R,S)- 
GTP (see Fig. 1) with the pure diastereomers or the 
use of other cage compounds would improve the 
crystal quality both in terms of mosaicity and resolu- 
tion. The demand for high-quality crystals is a seri- 
ous problem for polychromatic diffraction analysis, 
since the white-beam method is much more sensitive 
towards lattice imperfections. A high mosaic spread 
will cause streaky reflections and any crack will lead 
to distorted spots or spots with small satellites. Both 
types of spots make the data processing very difficult 
or even impossible, but in any case the resulting data 
are of lower quality. These types of imperfections 
can have multiple origins, one being the initial 
crystallization, the others are crystal mounting, trig- 
gering and radiation damage. In this paper we 
present strategies for reducing crystal damage and 
give a summary of time-resolved crystallographic 
studies on p21H . . . . .  

Experimental 
Purification, nucleotide exchange, reaction initiation 
by flash photolysis and reverse-phase (C18) HPLC 
analysis of the crystal content and state of the 
nucleotide bound to p21 were performed as 
described previously (Schlichting et al., 1989). The 
protocol for crystallization of the complexes was 
initially as described for p21c' complexes with 
caged(R,S)-GTP (Schlichting et al., 1989) using Tris- 
HC1 (Sigma) as the buffer system and polyethylene 
glycol 400 (PEG 400, Serva) as precipitant. Crystals 
were transferred to 0.7 mm quartz capillaries, 
mounted completely surrounded by artificial mother 
liquor and immobilized between two plugs of pipe- 
cleaner fibres. The setup for flash photolysis was as 
described by Schlichting et al. (1989) using a Xenon 
flash lamp (Rapp & Giith, 1988). For the analysis of 
the nucleotide content of the crystals, the reaction 
was stopped by flash-freezing the crystals in liquid 
nitrogen immediately after the exposure. 

All diffraction data were collected at 293 K on 
experimental station 9.5 (Brammer et al., 1988) at the 
Daresbury Synchrotron Radiation Source (SRS), 
using polychr0matic radiation in the wavelength 
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Table 1. Data statistics for Laue data reduction 

Structure Mean Percent of R factor R factor 
time point Number of intra-pack Total Unique total to for all within 
(min) Complex orientations R factor (%) observations reflections 2.8 A data (%) 0.1 A (%) 
0 p'N 3 4. l 6636 2236 56 9.6 6.0 
0 c'N 3 4.0 7098 2067 45 8.8 6.2 
2 4 p'R 4 4.7 8707 2419 63 I 1.4 7.4 
2 4 p'S 4 4.6 8723 2590 65 8.7 5.9 
I I 13 p'S 4 3.4 8642 2400 60 10.3 7.3 
20- 22 p'S 4 4.7 6904 2408 60 10.9 8.6 
30--32 p'S 4 4.8 8200 2698 67 l1.7 8.9 
55 57 p'S 4 3.9 5670 2011 55 11.6 9.5 
90-92 p' R 3 5.0 5749 2438 62 26.4 14.5 

* Complex p'N = p21(Gl2P)':caged(R,S)-GppNHp, c'N = p21c':caged(R,S)-GppNHp, p'R = p21(G12P)':caged(R)-GTP, p'S = 
p21(Gl2P)':caged(S)-GTP (p'N, c'N, p'R and p'S with Cl-cage group). 

range 0 .45-2 .6A on CEA Reflex 25 film (12.5 × 
12.5 cm). To reduce radiat ion damage 1 m m  graphite 
was introduced in the beam path upstream of  the 
col l imator  (diameter of  the co l l ima to r - -0 .2  mm). 
Each film pack consisted of  six films (A-F) with no 
interleaved metal foils between the films. Crystals 
were mounted  in the capillaries with arbi t rary 
orientations due to the fixation by cotton fibres. No 
al ignment  of  the crystals relative to the X-ray beam 
was attempted. The crystal-to-film distance was 
90-96 mm. This was the closest distance possible. 
The camera was an Arndt /Wonacot t  rotation camera  
holding eight s tandard 5 " ×  5" cassettes allowing 
rapid film changing. To break the symmetry  and 
obtain more unique data the spindle was set to # = 
15 ° . The reaction was initiated by flashing ten times 
within 90 s. Data  sets were collected before and 2, 
11, 20, 30, 50 and 90 min after photolysis. For  each 
time point  a fresh crystal was used. Data  sets consist 
of  three or four exposures (0.45 to 0.5 s) taken at 
r andom orientations of  the crystals differing in 20 ° in 
the spindle angle ~o. The films were scanned at 
Daresbury  on a Scandig 3 rotat ing-drum microden- 
sitometer with a 50 ~ m  raster size and a density 
range of  0-2. The soft limits dmin, '~'min and ~'max were  
estimated from the gnomonic  projections of  the Laue 
patterns (Cruickshank,  1992). The data were reduced 
using a program suite written at Daresbury  
(Helliwell et al., 1989). Briefly, data reduction con- 
sists of  finding and refining the crystal orientation 
(GENLAUE), integration of  the intensity of  the 
indexed spots at predicted film positions (INT- 
LAUE), scaling and Lorentz-polar izat ion correction 
of the intensities of  the spots measured on films A-F 
within one film pack (AFSCALE) and wavelength 
normalizat ion of  these intensities using the intensities 
of  Friedel and symmetry-equivalent  reflections 
observed at different wavelengths and to scale 
together data from several film packs (LAUE- 
NORM). During the data reduction spatial overlaps 
and harmonic  overlaps were discarded. The data 
reduction statistics are given in Table 1. 

For  all time points the refinement started with the 
high-resolution model of  p21c ' :GppNHp (Pai et al., 
1990). In the starting model the loop regions L2 
(residues 32-37) and L4 (residues 61-65) as well as 
the nucleotide and water molecules were removed to 
yield an unbiased electron-density map. These 
regions are referred to the flexible parts of  the pro- 
tein. The refinement was carried out with the pro- 
gram X-PLOR (Briinger, Kur iyan  & Karplus,  1987) 
using a s imulated-anneal ing protocol as suggested 
(Briinger, 1988) with an initial temperature of  
2000 K followed by positional and grouped B-factor 
refinement. The phase informat ion from the atomic 
model  was used in a way similar to the method of  
Read (1986) which reduces model  bias from the new 
(2Fo- Fc) electron-density map  through calculating 
the electron-density maps  with the coefficients (2mFo 
-DFc)(expiac). The electron-density maps  and 
models were examined using the program TOM 
(Cambil lau,  1989). The refinement statistics are sum- 
marized in Table 2.* 

Results and discussion 

To test the influence of  the cage group attached to 
the GTP,  four different cage groups (C1-C4) were 
investigated (see Fig. 1). Early work with p21 was 
with the mixture of  the diastereomers (ratio ca 1:1) 
of  the cage group C1 (Schlichting et al., 1990). The 
cage group C2 is similar to C1 except there is no 
asymmetr ical ly  substituted C atom. Using C2-caged 
GTP complexed to p21c' it was possible to get 
crystals but their size was below 200 Ix m and they 
diffracted the monochromat ic  X-ray beam to not 
better than 3.0 A. With the cage group C3 it was 
possible to get large crystals (longest dimension 
900 ~ m )  in complex with p21(G12P)'  which diffract 

* Atomic coordinates and structure factors have been deposited 
with the Protein Data Bank, Brookhaven National Laboratory. 
Free copies may be obtained through The Technical Editor, 
International Union of Crystallography, 5 Abbey Square, Chester 
CHI 2HU, England (Supplementary Publication No. SUP 37113). 
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Table 2. Model  statistics at the end o f  refinement 

Structure  
time point  
(min) 
0 
0 
2-4 
2.4 
11 13 
20 22 
30-32 
55.-57 
90 92 

R.m.s.  deviat ion Occupancy  of  
R factor  Bond Angle y -phospha te  g roup  

Complex  (%)  (A) ( )  (%)  
p'N 18.4 0.021 2.81 100 
c'N Not refined due to very noisy electron-density map 
p'R Not refined due to very noisy electron-density map 
p'S 19.3 0.027 5.54 100 
p'S 17.2 0.029 5.42 70 
p'S 19.1 0.021 2.92 50 
p'S 21.3 0.023 2.80 20 
p'S Not relined due to very noisy electron-density map 
p'R 15.4 0.035 5.61 0 

the monochromatic X-ray beam to a Bragg spacing 
of 2.6 A; in complex with wild-type p21c' the crystals 
diffracted to 3.2 A. The crystals with C l- and C2- 
caged GTP were isomorphous with p21c':GppNHp 
(Pai et al., 1990) whereas the complex of p21(GI2P)' 
or p21c' with C3-caged GTP were not (results of 
structure determination and refinement will be 
published elsewhere). The cage group C4 could not 
be used for crystallographic studies as C4-caged GTP 
was unstable under the crystallization conditions and 
only protein precipitation could be observed. There- 
fore, only the original cage group C1 was used for 
the time-resolved crystallographic studies and all 
results described below are with C 1-caged GTP. 

One very critical step affecting the crystal quality 
is the transfer and the mounting of the crystal in the 
capillary. For the removal of the reactive 2- 
nitrosoacetophenone leaving group of the photolysis 
reaction the crystal has to be surrounded by a solu- 
tion which is enriched in a thiol-containing com- 
pound like dithioerythritol (DTE; McCray & 
Trentham, 1989). Previously p21':caged-GTP was 
crystallized by a batch technique using 10 ~1 drops 
(initial concentrations: 20-24 mg ml-~ protein, 
23-24% PEG 400 and 20 mM DTE; Schlichting et 
al., 1989). If the volume of the mother liquor is too 
small for the mounting of the crystal, an artificial 
mother liquor has to be mixed with an estimated 
PEG concentration. To avoid this problem the 
crystallization technique was changed from batch 
with 10 ill drops without reservoir solution to sitting 
drop (using Cryschem plates) with 20 I~1 drops 
equilibrated against 1 ml of a reservoir solution. The 
crystallization conditions were 27-29%(w/v) PEG 
400 in the drop containing the protein with a concen- 
tration of 10-15 mg ml ~. Furthermore, it was found 
to be advantageous to add 0.01-0.05%(w/v) n- 
octyl-/3-D-glucopyranoside (fl-OG) to the drop and 
to change the pH from 7.6 to 8.0. The reservoir was 
of the same composition as the drop except that the 
precipitant concentration was 30-34%(w/v). Using 
this new protocol, crystals grew to larger than 
500 ~m within 2 weeks. The addition of detergent 
reduced the number of twinned crystals significantly. 
As artificial mother liquor, the reservoir solution was 

used, enriched with fresh DTE (Sigma) to a final 
concentration of 50 mM. Large crystals of wild-type 
p21 (p21c') and the G12P mutant of p21 
[p21(G12P)'] could only be obtained by micro- 
seeding. The dilution of the seed solution [40%(w/v) 
PEG 400] was adjusted so that 1 I~1 seed solution 
added to the freshly mixed drop will result in 1-3 
large crystals. The seed solution could be stabilized 
for over a year by flash-freezing in liquid nitrogen 
and storage at 200 K. Depending on which isomer of 
caged GTP was complexed with p21, the crystals 
were hexagonal plates or elongated prisms with long- 
est edge along the crystallographic c axis (S isomer) 
or thinner prisms with the shortest edge along the c 
axis (R isomer). The crystals of the wild-type and 
mutant forms of p21 complexed with either the R 
isomer or the S isomer of caged GTP are isomor- 
phous to p21c':GppNHp (Scheidig et al., 1992). 

The monochromatic crystal structure determina- 
tion of p21c':caged(R)-GTP and p21c':caged(S)- 
GTP revealed that the GTP precursor is bound at 
the active site of p21 in a similar manner to 
GppNHp (Scheidig et al., 1992) and not like 
caged(R,S)-GTP (Schlichting et al., 1990). Further- 
more, it was observed that crystals of p21c' and 
p21(G12)' complexed with either caged(R)- or 
caged(S)-GTP are unstable and are hydrolyzed to 
caged Pi and GDP (Scheidig et al., 1992) which was 
not observed for the crystals of p21c' complexed with 
the diastereomer mixture caged(R,S)-GTP. There- 
fore, only crystals less than 2 weeks old were used for 
the Laue experiments. 

A negative influence on crystal quality could result 
from the harvesting of the crystal in the artificial 
mother liquor enriched with DTE. To study the 
sensitivity of the crystals against the change of the 
concentration of DTE, we mounted a crystal in a 
flow cell and increased the concentration of DTE 
from approximately 5 to 100 mM within 5 rain. The 
diffraction pattern before, immediately after mixing, 
and 10min later showed no loss of diffraction 
quality. 

For the previous time-resolved Laue studies on 
p21H-'"'~, the crystals were cooled to 280 K during the 
photolysis to protect them from heating effects of the 
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powerful light flash. To examine the sensitivity of the 
crystals towards temperature changes, we made the 
following test: first exposure at 295 K, followed by 
cooling the crystal to 277 K within 2 rain; second 
exposure immediately after cooling and third 
exposure after 30 rain at 277 K. The result was that 
the sharp round spots of the first diffraction pattern 
were lost in the second exposure (streaky reflections) 
but reappeared in the third exposure. Therefore, the 
crystals were not cooled for the time-resolved experi- 
ments. 

During the Laue experiments 29 crystals were 
tested [16 crystals of wild-type p21' and 13 of the 
mutant p21(Gi2P)'] with the result that only one 
crystal of wild-type p21 was well ordered and the 
remaining gave streaky reflections. Nine crystals of 
the mutant form G12P of p21 were well ordered and 
the remaining gave split reflections indicating 
twinned crystals or crystal damage caused by the 
montage. The crystal structure of wild-type p21 and 
the p21 mutant GI2P are refined to 1.35 and 1.5,~, 
respectively. They are nearly identical (Franken et 
al., 1993). The rate of the intrinsic GTPase reaction 
is similar in solution [kGT P .... (wild type) = 
0.028 min ~ and k( iTp ..... (GI2P mutant) = 
0.043 rain t, at 293 K (Franken et al., 1993)] and the 
half time in the crystal is 40-45 min for both (at 
293 K). Furthermore, the G12P mutant is very simi- 
lar to the wild type in biochemical and kinetic 
behaviour, with the exception of the interaction with 
GAP (Franken et al., 1993). Therefore, time-resolved 
crystallographic studies using the mutant are possible 
as the reaction rate is slow enough compared with 
the temporal resolution and the intrinsic GTP- 
hydrolysis reactions between mutant and wild type 
are comparable. 

The mother liquor surrounding the crystal has two 
functions, first, as a reservoir of DTE and to enable 
diffusion of the leaving group out of the crystal; 
second as a temperature bath to prevent the crystal 
from heating. The latter is not a serious problem if 
two UG-II  filters (one coated with MgO) are used 
for photolysis. Much more serious is heating in the 
X-ray beam, especially at a wavelength range of 
0.45-2.6 A. After 2-3 s total exposure, the diffrac- 
tion pattern deteriorated for all crystals. Since each 
exposure lasted 0.4-0.5 s and four exposures per time 
point were used, one crystal could only be used for 
one time step. Overall, nine new Laue data sets, two 
prior to and seven after photolysis, were collected. 

Since a fresh crystal was used for each data set, 
and no crystal-alignment procedure was attempted, 
the crystal orientations were not identical for the 
different time points. Therefore, the difference- 
Fourier technique D I F F L A U E  developed for Laue 
studies (Hajdu et al., 1987) working with difference 
electron-density maps could not be used to analyze 

the structural changes between the different data 
sets. Therefore, the structure of each time point was 
refined independently using the coordinates of the 
high-resolution structure of p21c':GppNHp (Pai et 
al., 1990) and omitting the parts of the protein which 
are thought to participate in the GTPase reaction 
(residues 30-38 and 60-65), the nucleotide and water 
molecules. The refinement was limited by a number 
of problems: lack of high-resolution data, low per- 
centage of completeness especially in the low- 
resolution range (see Table I and Fig. 2), accuracy of 
intensity determination of individual reflections and 
lack of homogeneity. ] he  latter is produced by the 
fact that the crystal structure analysis is a three- 
dimensional image with an average in time and space 
within the diffracting volume. There are special 
gradients in the sample caused by the triggering 
mechanism (e.g. gradient of light intensity due to 
absorption) and time gradients caused by the dur- 
ation of the triggering, by non-synchronicity of the 
reacting molecules (Boltzman distribution), and by 
the infinite data-acquisition time. The result of these 
limitations are electron-density maps which are 
noisier than those of monochromatic structures and 
which are frequently broken in the main-chain trac- 
ing even for the very stable/J-sheet strands. Similar 
problems were discussed in the case of binding stud- 
ies of human carbonic anhydrase II (Lindahl, Liljas, 
Habash, Harrop & Helliwell, 1992). 

The interpretation of the electron-density maps in 
these regions was only possible by using the high- 
resolution monochromatic structures as a guide. 
Questionable parts were refined as poly-Gly chains 
to test whether the calculated electron-density map 
was model biased. In the very flexible parts it was 
hard or even impossible to decide whether a peak in 
the electron-density map is an indication for a 
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Fig. 2. Completeness of unique reflections of the Laue data set 

collected 2 min after initiation of the reaction ( - - - )  in 
comparison with the monochromatic data sets of  
p21(GI2P)':GppNHp ( - :  Franken et al., 1993) and p21c': 
caged(R)-GTP (---: Scheidig el a/., 1992). 
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further true conformation, a watei molecule or just 
high noise. The deconvolution of the different con- 
formations is very difficult. Therefore, the interpreta- 
tion of the structures and the discussion is limited to 
regions which are well defined. Uncertain parts were 
omitted from the model. 

In the structure of p21c':GppNHp (Pai et al., 
1990) it was observed that the B factors of the a-, 3- 
and y-phosphate groups have similar values within a 
small range (9-12/k2). Decreasing electron density 
can be explained by an increasing B factor (higher 
mobility) or a decreasing occupancy. Therefore, the 
occupancy of the y-phosphate group was determined 
by refining the B factors with occupancy values 
between 1.0 and 0.0. The occupancy was set to a 
value for which the B factors of the phosphate part 
were at the same level. The occupancy values are 
listed in Table 2. The decreasing percentage of occu- 
pancy is in agreement with reduced electron density 
at a given contour level (see Fig. 3). They are a very 
good indicator for the successful time-resolved moni- 
toring of the intrinsic GTPase reaction in the crystal. 

A further obvious conformational rearrangement 
concerns the cage group and the side chain of Tyr32 
of the neighbouring molecule. The monochromatic 
crystal structure analysis of p21c':caged(R)-GTP 
indicated a different orientation of Tyr32 from that 
seen in p21c':GppNHp (Scheidig et al., 1992) as the 
side chain of Tyr32 interferes sterically with the cage 
group of the neighbouring molecule. This was also 
observed in the Laue structure prior to the initiation 
[0 min, p21(G12P'):caged-GppNHp]. In the data set 
2-4 min after photolytic removal of the cage group 
the side chain of Tyr32 is shifted towards the 
orientation observed in p21c':GppNHp (Fig. 4). In 
addition, the residues 61, 62 and 63 of loop L4 are 
well defined in one conformation (Fig. 5). In the 
monochromatic structures of p21, the density of this 
loop is diffuse or can be interpreted by a super- 
position of different conformations (Pai et al., 1990; 
Krengel et al., 1990). 

Overall, we do not have structural evidence for a 
conformational rearrangement prior to the GTP 
cleavage by p21H ..... (intrinsic hydrolysis reaction) as 
was suggested by fluorescence studies (Neal, Eccles- 
ton & Webb, 1990). One reason for this might be 
that caged GTP is already bound to the activated 
form of p21. The binding mode of the GTP part of 
caged GTP is nearly identical to that of GppNHp 
(Pai et al., 1990) and no significant shift is seen in the 
Laue structure 2-4 min after photolytical removal of 
the cage group. Because of the low resolution and 
incompleteness of the data sets no water molecules 
were incorporated into the structure. However, no 
electron-density peak at the position of the activated 
water molecule WAT175 (Pai et al., 1990) could be 
detected. In the Laue structure 2-4 min after photo- 

lysis, the residues Gin61, Glu62 and Glu63 of the 
'catalytic' loop L4 are very well defined and show a 
new, so far unknown, conformation. In this confor- 
mation Gin61 is very close to the y-phosphate group 
(approximately 3.3/k) in an orientation which is 
close to that proposed by Priv6 et al. (1992). 
Furthermore, at the end of the reaction (data set 
corresponding to 90-92 min after photolysis) the side 
chain of Asp57 comes very close to the Mg 2+ ion. In 
the monochromatic structure of p21c':GDP derived 
from p21c':caged(R,S)-GTP 24h after photolysis 
(Schlichting et al., 1990) the side chain of Asp57 
makes a direct coordination of the Mg 2+ ion. We 
propose that the water molecule WAT173 [ligand of 
Mg 2+ in p21c':GppNHp (Pai et al., 1990)] is directly 
involved in the hydrolysis reaction (but not neces- 
sarily as the attacking water) and is removed 
together with the leaving inorganic phosphate group. 
In the monochromatic structures of p21c':GDP there 
is a water molecule between the Mg 2+ ion and the 
side chain of Asp57 (Tong, de Vos, Milburn & Kim, 
1991). Therefore, it seems that the coordination 
sphere with this water molecule is more stable but 
might be established with a very slow rate, possibly 
during an Mg 2+ exchange with the surrounding 
solution. 

The main trigger for larger conformational 
rearrangements due to the hydrolysis reaction seems 
to be the loss of the hydrogen bond between the 
main-chain Thr35 NH and the y-phosphate group. 
As soon as this interaction is too weak or lost, a 
complete rearrangement of the so-called effector 
loop L2 occurs [seen in monochromatic structures 
of p21c':caged(R)-GTP, p21(Y32W)':caged(R)-GTP 
and p21(GI2P)':C3-GTP which will be published 
elsewhere]. No change in the orientation of the helix 
ce2 could be seen as proposed by Stouten, Sander, 
Wittinghofer & Valencia (1993). The analysis of the 
crystal packing indicates that such a conformational 
change is not compatible with the stability of the 
crystal lattice (data not shown). 

Concluding remarks 

Time-resolved investigations of p21H . . . . . . .  were 
extended by using the 1:1 complex between the 
mutant p21(G12P)' and a pure diastereomer, either 
the R or S isomer at the asymmetrically substituted 
C atom in the cage group of p3-1-(2-nitrophenyl)- 
ethylguanosinetriphosphate together with a 
modified crystallization protocol. The refinement 
of the data showed that it is possible to observe 
reactions occurring in the crystal. Presently, the 
structural interpretation is limited to small changes 
reflecting two discrete states, meaning that the 
residue or group in question has only two well 
defined conformations. 
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Fig. 3. Active site of p21 at different time points of the intrinsic GTPase reaction. The protein and nucleotide atoms are given in different 
colors. The cut off of  the (2Fo - Fc) electron-density maps is 25% of the maximum. (a) t = 0 min, p21(G12P) ' :caged(R,S)-GppNHp; 
(b) t = 2 m i n ,  p21(G12P)':GTP; (c) t = 11 min, p21(G12P) ' :GTP/GDP; (d) t = 2 0 m i n ,  p21(G12P) ' :GTP/GDP; (e) t = 3 0 m i n ,  
p21(G12P)' :GTP/GDP; ( f )  t =- 90 min, p21(G12P)':GDP. 
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(a) 

(b) 

. 

(c) 
Fig. 4. Crystal-packing interactions concerning the residue Tyr32 

and the cage group. The view is along the crystallographic 
twofold axis. The cut off of the (2E, - F,.) electron-density maps 
is 25% of the maximum. (a) t = 0 min, p21(G12P)':caged(R,S)- 
G p p N H p  (thick lines, with electron density) superimposed with 
the structure t =  2 min, p21(GI2P) ' :GTP (thin lines): (b) t = 
2min, p21(GI2P) ' :GTP t = 2 min (thick lines, with electron 
density) superimposed with the structure t = 0 min, 
p21 (G 12P)'caged(R,S)-GppNHp (thin lines); (c) both structures 
superimposed without electron density. 

Fig. 5. Final ( 2E , -  F,.) electron-density map, in stereo, around the 
?,-phosphate group of the Laue structure 2 min after initiation 
of the reaction including the residues Thr58 to Gln61 of the 
loop L4. The electron density is contoured at the level of  25% 
CUt Off. 

The incompleteness and the lack of high-resolution 
data as observed in our studies is not necessarily due 
to the Laue method itself, since other groups were 
able to collect very good data with a high percentage 
of completeness (Bartunik, Bartsch & Qichen, 1992; 
Singer et al., 1992). Our problems originate mainly 
from the special experimental situation we have: no 
prealignment of the crystal, only three to four differ- 
ent orientations per data set, use of fibres and sur- 
rounding mother liquor which produce shadowing, 
diffuse scattering and, therefore, a significant high 
background level, and use of a very broad wave- 
length range. Furthermore, we could not use 
unscrambling of the wavelength harmonic overlaps 
due to very high R factors of the terms obtained. 
Because of the duration of triggering (10 flashes 
within 90 s) and collecting four diffraction patterns 
(90 s overall, 0.5 s exposure-I and 25 s turn- I of the 
film carousel; the actual temporal resolution is 
between 2 and 4 min), additional effects such as 
heating of the crystal by the X-ray beam and 
temporal and spatial inhomogeneities in the volume 
of the diffracting crystal will obscure the result 
further. Therefore, the calculated electron-density 
distribution will describe an average of different 
structures rather than only one structure. Neverthe- 
less, keeping these limiting factors in mind, p21 is a 
very good system to study a protein reaction in the 
crystal using time-resolved X-ray crystallography. 
This is the case, because the half time of the GTPase 
reaction in the crystal (40-50 min at 293 K) is much 
longer than the time uncertainty. Furthermore, the 
photolytic removal of the cage group is very efficient 
and the kinetic behaviour in the crystal is very 
reproducible. 

Three conformational rearrangements could be 
detected in the crystals of the mutant form G12P of 
truncated p21 (residues 1-166) by the present time- 
resolved X-ray crystallographic study after photoly- 
sis of the cage group. In the first data set, 2-4 rain 
after the reaction initiation, Tyr32 is shifted towards 
the orientation where it is found in the 
p21c':GppNHp structure (Pai et al., 1990). Gin61 is 
found in a conformation where the carbamoyl group 
of the side chain is close to the y-phosphate group 
and the whole loop region from 58 to 61 is wrapped 
around that y-phosphate. These orientations were 
not observed or detectable in the monochromatic 
studies of wild-type p21 or in the data sets with a 
longer time gap between photolysis and exposure. 
For the data sets corresponding to 11-13, 20-22 and 
30-32 min this is due to the very diffuse and broken 
electron density in the respective regions. In the data 
set for 90-92 min after initiation, where the reaction 
was approximately 90% finished, electron density for 
a new orientation of the loop region Tyr32 to I1e36 is 
visible which is comparable to the conformation 
determined by monochromatic X-ray structure 
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analysis using the caged GTP/photolysis/24 h hydro- 
lysis approach (Schlichting et al., 1990). The electron 
density for the y-phosphate group decreased from 
the first data set to the last data set where no more 
density was found at the appropriate position. In the 
data sets for 11-13, 20-22 and 30-32 min, the loop 
regions L2 (residues 32-36) and L4 (residues 61-65) 
revealed very diffuse electron density. This is an 
indication of the absence of a transiently stable 
intermediate in the intrinsic GTP-hydrolysis reac- 
tion. As caged GTP in our crystals has a binding 
mode nearly identical to that of  GppNHp or GTP, 
we cannot get any hints regarding a conformational 
rearrangement prior to the GTP cleavage as pro- 
posed by Neal et  al. (1990). Therefore, our conclu- 
sion for the intrinsic GTPase reaction is that the 
rearrangement of  the loop region L2 and probably of 
the loop region L4 is the result of  the loss of  the 
y-phosphate group. There are two main interactions, 
one of  Gly60 N and one of Thr35 N with the 
y-phosphate group. In particular, as soon as Thr35 
is no longer attached to the y-phosphate, loop L2 is 
in a non-stable orientation and is rearranged to reach 
a more stable conformation. 

The results of  our experiments can be interpreted 
such that structural information at the atomic level is 
available if the short-lived intermediates are transien- 
tly accumulated in the crystal, which seems not to be 
the case for the intrinsic GTPase reaction of 
p21(G12P) 'H ...... . Larger rearrangements resulting in 
more than one intermediate conformation produce 
diffuse and broken electron density which we were 
not able to deconvolute. This last limitation is not a 
problem of the Laue method exclusively, since the 
incorporation of alternative conformations is a prob- 
lem in monochromatic structure determination also. 
Our experiments and results suggest that especially 
larger rearrangements and intermediates which are 
not transiently stable are not easily detectable and 
description is limited to the qualitative level. 
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