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Ult) = K % umiit) )

(=0E/l

and variance

af (=K > ('m0 @)

(=El

The variable 0 = m, (t) = 1 denotes the unit activities
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The biological activity of macromolecules is accompanied by rapid structural changes.
The photosensitivity of the carbon monoxide complex of myoglobin was used at the
European Synchrotron Radiation Facility to obtain pulsed, Laue x-ray diffraction data
with nanosecond time resolution during the process of heme and protein relaxation after
carbon monoxide photodissociation and during rebinding. These time-resolved exper-
iments reveal the structures of myoglobin photoproducts, provide a structural foundation
to spectroscopic results and molecular dynamics calculations, and demonstrate that
time-resolved macromolecular crystallography can elucidate the structural bases of
biochemical mechanisms on the nanosecond time scale.
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(1) to milliseconds or longer (2). Structural
studies of these intermediates have been
carried out either (i) by artificially prolong-
ing the lifetime of intermediates by chemi-
cal or physical manipulations (3-6) or (ii)
by developing very fast x-ray Laue tech-
niques (7) for structure determination and
applying them to authentic, short-lived in-
termediates. We describe a Laue crystallo-
graphic investigation with nanosecond time
resolution of the structural changes that
occur in the carbon monoxide complex of
myoglobin (MbCO) at room temperature
on CO photodissociation by a nanosecond
SCIENCE »
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laser pulse. The results reveal directly the
structural relaxation of the heme and pro-
tein in response to the ligand photodisso-
ciation and rebinding. The MbCO photol-
ysis reaction has been studied in solution by
numerous spectroscopic techniques (8-18)
and computational approaches by molecu-
lar dynamics simulations (19-21), to which
we relate our crystallographic results.

The nanosecond time-resolved crystallo-
graphic data were collected at the white
beam station BL3 (ID9) at the European
Synchrotron Radiation Facility (ESRF),
Grenoble, France. Photolysis was initiated
by 7.5-ns laser pulses, and subsequent struc-
tural changes were monitored with either a
single 150-ps x-ray pulse or a 940-ns pulse
train (22, 23). Photolysis and CO rebinding
were also monitored optically (22). Com-
plete x-ray data sets were obtained (Table
1) to 1.8 A resolution at six time delays
between laser and x-ray pulses: 4 ns (150-ps
x-ray exposure, 15-mA beam current, sin-
gle-bunch mode of operation of ESRF), 1
ps, 7.5 ps, 50.5 ps, 350 ps, and 1.9 ms
(940-ns x-ray exposure, 150 mA, one-third
filling mode).

Difference Fourier maps corresponding
to each of the six time delays (Fig. 1, A to
F) reveal the differences between the aver-
age structure at a time delay t, Mb*(¢), with
the stable MbCO structure. The MbCO
content of the Mb*(t) state, which results
from either incomplete initial photolysis or
ligand recombination, cancels out in these
maps. The reference map (Fig. 1G) displays
the difference in electron density between
the conventional, static structures of deoxy
Mb (24) and MbCO (25). With the excep-
tion of the maps at time delays of 350 s
and 1.9 ms, all show a prominent negative
feature (labeled P in Fig. 1, A to D and G)
corresponding to loss of the CO upon pho-
tolysis. The peak value of this feature at the
4-ns time delay corresponds to —9.8 «
where o is the root-mean-square value of
the difference electron density in the asym-
metric unit. The magnitude of this feature
declines with time as photodissociated CO
recombines and, as expected, parallels the
extent of recombination estimated from the
time course of the optical signal (Fig. 2).
That is, this feature carries information
about ligand rebinding kinetics. The ab-
sence of features at longer time delays is also
expected since optical data show that re-
combination of the photodissociated CO is
complete by about 100 us (Fig. 2). The
longer time delay data therefore serve as
negative controls to illustrate the complete
optical and structural reversibility of the
reaction. The initial fraction of photolyzed
molecules is estimated to be 45 * 10% from
the initial amplitude of the optical change
(22) and 42 * 10% from comparison of the




integrated electron contents of the nega-
tive, CO-associated feature A in Fig. 1, A
and G. These results suggest that CO re-
combination in the crystal contains a fast,
geminate phase having a recombination
rate comparable with or greater than the
maximum photolysis rate applied by the
laser pulse of 10° s™!, and confirm the
qualitative observation by us and others
(26) that it is much more difficult to pho-
tolyze MbCO molecules in this crystal form
than in solution.

A second prominent, positive feature in
the difference maps (labeled Q) is located
on the bond between the iron and the
proximal histidine, His”?; its largest magni-
tude is also found in the 4-ns map (Fig. 1A),
with a peak value of plus 3.9 ¢. This feature
arises from the motion of the iron atom out
of the heme plane toward the proximal
histidine. The ratio of the integrated elec-
tron content of the CO-associated and Fe-
associated features in the reference map
(Fig. 1G) is 2.3, close to time-independent,
experimental value of this ratio (Fig. 1, A to
D) of 2.1. The decrease in electron content
of both the Fe-associated and CO-associat-
ed features parallels CO recombination
(Fig. 2) and the displacement of the iron is
therefore effectively simultaneous with the
loss of the CO, occurring in less than a few
nanoseconds. Further, the full iron displace-
ment of 0.32 A from the heme plane (24,
25) occurred in the photolyzed molecules. If
displacement of the iron were slower or of
lesser extent, the magnitude of the Fe-asso-
ciated feature Q would be lower and it
would apparently lag behind the CO-asso-
ciated feature P and the optical data (Fig.
2), contrary to observation.

Several other features appear consistent-
ly above *30 in the experimental difference
maps at locations identical to those of fea-
tures in the reference map. The positive
feature in the heme pocket in the 4-ns dif-
ference map (labeled R in Fig. 1A) may
represent a transient “docking site” for the
photodissociated CO, observed also by time-
resolved infrared polarization spectroscopy
(10). This feature has an integrated electrop
content of 1.8 e and its peak is located 1.2 A
from theophotodissociated CO at 40 K (5)
and 1.6 A from the water molecule (labeled
W in Fig. 1G) in the deoxy Mb heme pocket
(24), surrounded by residues Ile!®7, Val%8,
and Leu?®. We do not identify any docking
sites that might represent well-populated lo-
cations for the CO on other possible exit
pathways. A positive feature (labeled S) in
the vicinity of the distal histidine, His®,
coincides with a positive feature in the ref-
erence map (Fig. 1G) and is attributed to
displacement of the distal histidine upon
photolysis, toward the site formerly occupied
by ligand. This feature is present above 3a
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in both the 4-ns and 1-ws maps (Fig. 1, A
and B). Another positive feature above the
pyrrole-3 ring of the porphyrin (labeled T),
present at 4 ns and 1 ws, together with the
positive feature below the porphyrin ring
(labeled U) present at 1 ps might arise from

doming and slight rotation of the heme.

A number of smaller electron density
features are present above *3o that indi-
cate structural rearrangements of the resi-
dues surrounding the heme and in particu-
lar, the residues of the E and F helices

Fig. 2. Time course of the x-ray and optical sig- 5.0
nals. The electron content of the prominent CO-
associated feature (P in Fig. 1, denoted by
squares) and the Fe-associated feature (Q in Fig.
1, denoted by circles) is shown as a function of 3.0r

time. The vertical error bars are calculated from _+

the mean value of the electron content of the r + T
same volume at random locations in the unit cell. _+_ Lo, f
The horizontal error bars indicate the time range 1.0 T t
over which data were averaged. The CO rebinding t i
process measured optically (denoted by dia- 109 107 105 109
monds) consists of two phases fit by a sum of two Time (s)
exponentials (solid black line) with amplitudes (in

units of photolyzed fraction) of 0.21 and 0.31 and rates of 3 - 109 s~' and 10* s~'. The gray lines that
trace the electron content of CO and Fe features are fits by the same two exponential process, with
scaling factors of 8.0 e for the CO feature and 3.9 e for the Fe feature. If the second phase is identified
with the bimolecular recombination reaction, a second-order association rate constant of 2.5 - 106 M-1
s~ is obtained, compared to the value of 0.5 - 106 M~ s~ in solution (77).

|
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Table 1. Crystallographic data collection and reduction. Diffraction data were collected as described
(23). Six pairs of data sets were collected at 19.4° = 0.1°C. Each pair consists of an MbCO data set
taken immediately before and an Mb* data set taken at a specific time delay after the laser exposure.
Consecutive x-ray exposures were separated by at least 15 s to allow for the complete recovery of the
crystal (lattice and myoglobin molecules) to the initial state. A data set consisted of about 50 images,
each repeated three times for the 150-ps exposures, 4° apart in ¢, to cover the 180° range necessary.
These complete, highly redundant data sets were collected in order to further maximize the weak signal.
No significant x-ray radiation or laser damage was detected. Data were reduced with the use of the Laue
View (37) software package, and distinguished those reflections stimulated by one energy (singles),
several energies (multiples), or their combination.

Laser to x-ray MbCO 4ns 1us 75wnus  505ps 350 pus 1.9ms

pulse delay statet Mb* Mb* Mb* Mb* Mb* Mb*
Singles

Observations$ 34,801 33,063 34,241 34,010 35232 34,772 32,958

Unigue reflections 7,289 7,160 7,292 7,118 7,535 7,236 7,070
Overall redundancy 4.8 4.6 4.7 4.8 4.7 4.8 4.7
R rge ON F2 (%)8 10.3 10.2 8.6 11.4 10.1 9.2 11.8
Rinerge ON [Fl (%) 6.9 6.9 5.8 7.5 6.8 6.0 7.7

Singles and multiples combined

Unique reflectionsd 8143 8032 8108 8058 8280 8057 7871
Rumocomp: (%) 8.6 7.3 10.2 8.3 6.6 9.6

Resolution range Completeness (%)t

A
%-10.80 27.8(27.8) 26.1(26.1) 13.9(13.9) 22.6(22.6) 24.3(24.3) 13.9(13.9) 24.3(24.3)
10.80-5.40 85.5(78.0) 86.6(78.8) 78.9(70.6) 87.8(79.4) 87.7(79.5) 77.6(69.4) 86.4(78.3)
5.40-3.60 94.1(89.3) 93.7(89.3) 94.4(87.3) 95.0(90.3) 95.4(90.6) 93.6(86.3) 94.6(89.8)
3.60-2.41 92.3(91.4) 91.4(90.8) 93.1(91.3) 93.0(91.8) 93.9(92.9) 92.4(90.6) 92.3(91.5)
2.41-2.02 70.5(82.8) 68.9(81.8) 70.1(82.6) 69.6(82.7) 74.2(85.3) 69.9(82.1) 69.7(82.6)
2.02-1.80 27.8(66.7) 27.0(65.7) 27.0(66.3) 21.5(64.7) 23.6(67.1) 27.1(65.9) 20.0(64.2)

‘+State refers to data taken before (MbCO) or after (Mb*) the laser pulse. For all laser to x-ray pulse delays, both MbCO
and Mb* data sets were collected. Since the quality of the MbCO and Mb* data is similar, as demonstrated for 4-ns
delay, for longer time delays only statistics for Mb* are shown. $Observations with //a(l) > 0.1, where | is the
intensity of an observed reflection from a profile fit and (/) is the residual from the fit. All data were integrated to 1.8 A
resolution. =23 |F2 = (F2)|/ZF 2, where F 2is the square of the structure factor amplitude of an observed
reflection, oaloulated %y scaling the measured intensity by a general scale factor (37), and (F?) is the average F? from
multiple observations. 1R eqe = Z [IF| — (FDI/Z |F|, where |F| is the structure factor amplitude and (|F|) is the
average amplitude from multiple observations. FUnique reflections with F/a(F) > 2, where o is the rms deviation
determined from merging of structure amplitudes. #Ruvcomo = 2 Floco = S * Flypl/Z [Flusco, where
|Flvpco and |Flyy- are the observed structure factor amplitudes for MbCO and Mb*, respectively, and S is the scaling
factor. TCompleteness by resolution shells for singles and multiples combined. Cumulative completeness is also
shown in parentheses. Binning is based ond__., value (1.8 A): 6d_..., 3d..,,,, and 2d__, for resolutions lower than 2d,

N N min N . min min’ min min®
For resolution higher than 2d, ., equal shell volume binning is used.
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spanning Lys®? to Val®® and Leu® to His”?,
respectively. These features are consistent
with the clearer differences in the reference
map (Fig. 1G). Several of these features are
already present at 4 ns, which indicates that
some globin relaxation is closely associated
in time with iron displacement and heme
relaxation. Most of these features, however,
seem more prominent at longer time delays,
which suggests that globin relaxation is a
complex process and continues to evolve
over several decades in time, from =4 ns to
at least 1 ps. Since these features associated
with smaller tertiary structural changes lie
close to the noise level we have not at-
tempted at this stage to quantify structural
changes by refining the Mb*(t) structures.

Our data support spectroscopic observa-
tions (12, 18) and prediction by molecular
dynamics simulation (21) of a fast, sub-
nanosecond dissipation of vibrational ener-
gy after the large, transient increase in
heme temperature on absorption of a visible
photon. The transient photoproduct state
at 4 ns shows no increase in the overall
crystallographic temperature factor as com-
pared to the initial MbCO state. The data
also suggest that complete iron displace-
ment and heme relaxation occur in =4 ns
after CO photodissociation, in agreement
with spectroscopic observations (8, 12, 15)
and molecular dynamics simulations (19).
Structural relaxation of the distal pocket
residues and the F helix is stretched over
several orders of magnitude in time as sug-
gested by spectroscopic results (13, 14) but
appears to extend over a longer period, to
the microsecond time domain. The plausi-
ble docking site of the photodissociated CO
molecule is occupied at 4 ns (Fig. 1A) but
not at 1 s (Fig. 1B), in agreement with the
time-resolved infrared measurements that
estimate the lifetime of the CO trapped in a
heme pocket site to be hundreds of nano-
seconds (10). However, the occupancy of
this docking site in the crystal is low; only
about 40% of photodissociated CO mole-
cules are present in this site at 4 ns. This
observation is consistent with molecular dy-
namics simulations that suggest multiple
pathways for escape of the CO molecule
from the heme pocket (20).

The time courses of our structural and
optical measurements on crystals do differ
from those of spectroscopic measurements
on solutions in one major point: a very
rapid geminate CO rebinding process is
considerably more prominent in crystals
than in solution. This might result from real
differences in structural relaxation processes
of globin in the crystal and solution, in
which the relaxation rates are slowed in the
crystal because of constraints imposed by
the intermolecular contacts in the crystal
lattice, as they are in a viscous solution (9,




11, 13) or at low temperatures (11, 16).
Hence, much of the photodissociated CO
cannot escape from the ligand pocket in the
7.5-ns duration of the laser pulse and re-
combines in a geminate fashion. Further,
even for those molecules in which the CO
does escape from the ligand pocket, globin
relaxation does not proceed fully to com-
pletion in the crystal before rebinding of
CO occeurs.

Qur results show that nanosecond time-
resolved macromolecular crystallography is
indeed feasible and extend the time resolu-
tion of macromolecular crystallography by
six orders of magnitude, from milliseconds
(27) to nanoseconds. The time resolution
can be extended to the 100-ps domain if
shorter laser pulses are used. Purposeful ex-
perimental design and Laue data acquisition
and reduction strategies (22, 23) yield sig-
nificant features in the resultant time-de-
pendent difference electron density maps,
even from the weak diffraction patterns re-

sulting from x-ray exposure times of only
150 ps.
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Survival of Cholinergic Forebrain Neurons in
Developing p75NGFR-Deficient Mice

Catharina E. E. M. Van der Zee, Gregory M. Ross,
Richard J. Riopelle, Theo Hagg*

The functions of the low-affinity p75 nerve growth factor receptor (p75NGFF) in the
central nervous system were explored in vivo. In normal mice, approximately 25
percent of the cholinergic basal forebrain neurons did not express TrkA and died
between postnatal day 6 and 15. This loss did not occur in p75NSFR-deficient mice or
in normal mice systemically injected with a p75NSFR-inhibiting peptide. Control, but
not p75NGFR-deficient, mice also had fewer cholinergic striatal interneurons. Appar-
ently, p75NeFR mediates apoptosis of these developing neurons in the absence of
TrkA, and modulation of p75NSFR can promote neuronal survival. Cholinergic basal
forebrain neurons are involved in learning and memory.

Nerve growth factor (NGF) acts primarily
through activation of its specific high-affin-
ity TrkA tyrosine kinase receptor (I, 2).
The p75NCR is the product of a different
gene and can bind all NGF-related neuro-
trophins (I, 2). The complete set of
p75NCFR functions remains to be elucidat-
ed, but may include (I, 2) providing ligand-
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binding specificity for NGF, enhancement
of TrkA function, and mediating retrograde
transport of selected neurotrophins (3). The
p75NCFR has at least two TrkA-indepen-
dent signaling capacities: by its induction of
NF-«kB (4) and activation of the sphingo-
myelin pathway (5). Activation of the
sphingomyelin pathway and formation of
ceramide (5) can initiate apoptosis (cell
death) through the stress-associated protein
kinase pathway (6). Ceramide can stimulate
cell proliferation, differentiation, and sur-
vival (7) perhaps through its metabolite
sphingosine-1-phosphate, which activates
mitogenic pathways and inhibits ceramide
(8). When p75NCFR is overexpressed in im-
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