
In the present arrangement, box 3 cor- 
responds to the segment of the San Andreas 
fault with the greatest spatial clustering of 
microearthquakes, whereas boxes 2 and 4 
contain less clustering (Fig. 1, A and B) . In 
considering this difference, we have noted 
that the boundary between box 2 and box 3 
lies in the area of significant geological 
changes along the San Andreas fault (6, 7). 
These changes include (i) the appearance 
of Franciscan rocks in contact with the fault 
zone at the surface, which does not occur to 
the south; (ii) the northward merging of the 
Table Mountain fault and Parkfield syn- 
cline with the San Andreas fault; and (iii) 
the northern topographic termination of 
Middle Mountain. under which at least the 
last few moderate Parkfield earthquakes 
have taken place (1, 2, 8). To the north of 
this area, the San Andreas fault slips mostly 
bv creeo. whereas to the south the creeo . . 
rate declines, and slip on the fault is accom- 
modated mainly by moderate earthquakes. 
Thus, the clustering of microearthquakes in 
box 3 may be related to the geometric 
interaction of faults or fault segments that 
also juxtapose rocks of different mechanical 
properties north and south of this region. 

We propose that the episode of in- 
creased fault slio at Parkfield resulted from a 
stress diffusion process that originated 
somewhere below the seismically active re- 
gion northwest of Parkfield. This proposal 
stems from the observation that the chang- 
es in cumulative moment that began in 
1990 first took place in the northwest and 
then in the southeast. A linear fit across the 
contours in Fig. 3B suggests that the prop- 
agation speed of this process along the San 
Andreas fault is 30 to 50 kmlyear. This 
disturbance may not have originated on the 
San Andreas fault itself because the initial 
increase in earthquake-related slip took 
place outside of this fault zone (Fig. 2). 

The southeastward movement of earth- 
quake activity at Parkfield is not without 
precedent. A series of M r 4 foreshocks 
that evidentlv moved southeastward toward 
the location of the main shocks were asso- 
ciated with both the 1934 and 1966 Park- 
field M > 5 earthquakes (1, 8, 9). These 
foreshocks took place over the period of a 
couple of months and spanned 15 km of the 
fault, suggesting a stress disturbance that 
propagated at speeds of 60 to 100 kmtyear. 
Stress disturbances with propagation speeds 
even larger than these-approximately 100 
to 200 kmtyear-have also been suggested 
for event sequences that have been ob- 
served in Turkey and China (1 0, 1 1). 

We have considered our observations in 
the light of a mechanical model for stress 
diffusion along a rupturing plate boundary 
like that of the San Andreas fault (12). In ~, 

the stress diffusion model, the critical pa- 
rameter is the propagation speed of the type 

of deformation front that drives the mi- than three stations. The station moment for each 
event was calculated by integrating the S-wave crOearthquake displacement and velocity spectra over frequen- 

of stress relaxation below the seismogenic cy and by assuming that the resulting values fit a 
zone of a rupturing boundary indicates that frequency-squared model of the earthquake 

source. Summing these moments as a function of 
when the diffusion are reduced time yields the curves in Fig, 2, For reference to 
to less than 100 to 200 km/year by overlying this method. see D. J. Andrews lin Earthauake 
fault asperities (strong inhomogeneities in Source ~echanics,  K .  Aki and P. iichards, '~ds . ,  
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of these features (12). In our model, the I Q R G ) ~  . -. -. - , , . 
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the rate of the fault's microearthquake ac- 
tivity and the trend of the cumulative 
moment. Continued monitoring of the 
magnitude-latitude-time character of mi- 
croearthquakes might thus detect a loading 
event that could cause the next moderate 
Parkfield earthquake. 
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Electron-Tunneling Pathways in Cytochrome c 

Deborah S. Wuttke, Morten J. Bjerrum," 
Jay R. Winkler, Harry B. Grayt 

Distant Fe2+-Ru3+ electronic couplings have been extracted from intramolecular electron- 
transfer rates in Ru(histidinex) (where X = 33, 39, 62, and 72) derivatives of cytochrome 
c. The couplings increase according to 62 (0.0060) < 72 (0.057) < 33 (0.097) < 39 (0.1 1 
per wave numbers); however, this order is out of line with the histidine to heme edge-edge 
distances [62 (14.8) > 39 (12.3) > 33 (1 1.1) > 72 (8.4 angstroms)]. The rates (and the 
couplings) correlate with the lengths of a-tunneling pathways comprised of covalent bonds, 
hydrogen bonds, and through-space jumps from the histidines to the heme group. Space 
jumps greatly decrease couplings: One from Pro7' to Metso extends the a-tunneling length 
of the His7* pathway by roughly 10 covalent-bond units. 

Both  theoretical (1-1 I) and experimental 
(1 1-1 6) studies have indicated that varia- 
tions in distant electronic couolings could . " 
play a major role in controlling the rates of 
electron transfer (ET) through proteins. 
The most attractive theoretical formula- 
tions are ones that explicitly include the 
structure of the intervening polypeptide 
(4-1 1); of these, the Beratan, Betts, and 
Onuchic (BBO) coupling maps (4) have 
proved particularly useful in designing ex- 
oerimental svstems for studv. In the BBO 
map for cytochrome c, there are several 
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regions on the protein surface where the 
calculated couplings to the heme are sub- 
stantially different from those given by an 
exponential-decay-with-distance model (4). 
A main goal of our work on Ru(bpy),(im) 
(HisX)'+ (bpy is 2,2' bipyridine, im is imid- 
azole) derivatives (1 7) of structurally engi- 
neered cytochromes c is to develop an ex- 
perimentally validated coupling map for this 
protein. Here we report on four regions of 
the map (X = 33, 39, 62, and 72). 

Histidines 33, 39, 62, and 72 [33 (horse 
heart) (1 7); 39 (Candlda krusei) (1 8); 62 
(genetically engineered Asn6' -, His Sac- 
charomyces cereuisiae) (1 9) ; and 72 (semisyn- 
thetic Lys7' --+ His horse heart) (20)] (Fig. 
1) were modified by the Ru(bpy),(C03)-im 
procedure (1 7) to give Ru(bpy), (im) (HisX)- 
protein derivatives (2 1). Intramolecular ET 

SCIENCE VOL. 256 15 MAY 1992 1007 



Table 1. ET parameters for Ru(bpy),(im)(HisX)-cytochromes c. Numbers in parentheses indicate 
uncertainties in the preceding digits. 

rates from Fe2+ to R ~ ( b p y ) ~  (im) (Hisx) j+ 

(Gibbs free energy -AGO = 0.74 eV) (1 7) 
were measured by time-resolved absorption 
spectroscopy (22). Because the Fe'+ --+ 

Ru3+ ET reactions are nearly activationless 
(23), the maximum ET rates (kmax = k at 
-AGO = the reorganization energy A) are 
nearly the same as the experimentally mea- 
sured rates (Table l ) .  

Semiclassical theory predicts that k,,, 
values will fall off exponentially with dis- 
tance (1). If we assume a maximum ET rate 
of 3 x 1012 s-' at close contact (distance d 
= 3 A),  the edge-edge distance depen- 
dences for covalently coupled donor-accep- 
tor complexes are represented adequately by 
lines with slopes of 0.8 to 1.2 A-' (Fig. 2A) 
(1, 24). Because the maximum ET rates for 
all the Ru (bpy) (im) (Hisx) -modified cy- 
tochromes lie well below these lines, it is 
apparent that the Fe2+-Ru3+ electronic 
couplings are weaker than the correspond- 
ing donor-acceptor interactions in purely 
covalently coupled systems. If we draw a 

Fig. 1. Relative positions of the HisX groups and 
the heme unit in cytochrome c (27). Edge-edge 
distances ( d )  from the closest HisX ring atom to 
the Metso sulfur or the closest Hisla ring atom or 
porphyrin ring atom are as follows: d(His7,- 
Meta0) = 8.4; d ( H i ~ ~ ~ - H i s ' ~ )  = 1 1 . 1 ,  d ( H i ~ ~ ~ -  
porphyrin) = 12.3; d(Hi~~~-porphyrin) = 14.8A. 
Dominant u-tunneling pathways from the im~d- 
azole to the heme based on BBO coupling 
calculations are shown (4):  Covalent bonds are 
represented by solid lines, hydrogen bonds by 
dashed lines, and the space jump by a dotted 
line. 

best fit line through the Fez+ + Ru3+ 
points (dots, Fig. 2A), its 3 A intercept 
(1.6 x lo%-') is much smaller than that 
exoected for a svstem in which the terminal 
atAms of the bridging group are covalently 
bonded to the donor [Fe" (heme c)] and 
the acceptor [Ru3+(HisX)]. Thus, none of 
the edge-edge exponential-decay models is 
satisfactory (25). 

We find that the maximum ET rates 
correlate with a bond-length scale that 
takes into account the weaker couplings 
associated with hydrogen bonds and 
through-space jumps in dominant pathways 
(Fig. 1). The best pathway for His33 has 11 
covalent bonds and a hydrogen bond (3.16 
A) that is equivalent to 2.9 covalent bonds. 
The dominant His6'-heme pathway in- 
cludes 16 covalent bonds and 2 hydrogen 

1 (A) 
Fig. 2. (A) Maxrmum ET rates (X = 33, 39, 62, 
and 72) versus edge-edge distance ( d )  mlnus 
3 A (van der Waals contact). Exponential-decay 
lines slope 1 . O  A-' (solid Irne); 0.8 to 1.2 A-' 
(dashed lines); intercept 3 x 1012 s-' .  Best frt 
(dotted) line: slope 0.66 A- ' ;  rntercept 1.6 x 
lo%-', (B) Maximum ET rates (X = 33, 39, 62, 
and 72) versus U-tunneling length (ue), slope 
0.71 A - l ;  rntercept 3 x 1012 s-l. 

bonds (26), and the Hisj9-heme pathway 
has 11 covalent bonds and a hydrogen 
bond. Of special interest is the finding that 
there are no good routes to couple His7' to 
the heme. The Met8' side of the heme has 
predominantly through-space contacts with 
the helix containing His7'. and the best 
pathway goes from ~ 7 s "  thrdugh Pro7' with 
a space jump to MetYc. Although there are 
only 8 covalent bonds in this path, the 3.88 
8\ space jump adds 10.6 bond units to the 
a-tunneling length. Multiplying the ef- 
fective number of bonds by 1.4 A per bond 
gives a-tunneling lengths (at) for the four 
pathways that correlate well with the max- 
imum ET rates (one-bond limit set at 3 x 
10" s - I ;  slope of 0.71 A-') (Fig. 2B). The 
0.7 1 A-'  decav accords closelv with related 
distance depeidences for co;alently cou- 
 led donor-acce~tor molecules (27). 

Rates for the'excited-state ET reactions 
also are given in Table 1. These reactions 
involve ET from the coordinated bpy radi- 
cal anion at the protein' surface to the 
ferriheme and are highly exoergic (-AGO 
> A) (1 7, 28). The relatively high rates of 
these reactions are of interest, because the 
ability to rapidly inject electrons into inter'- 
nal   rote in redox centers with laser oulses 
couid provide a novel method for &dying 
highly reactive species that often are en- 
countered (or proposed as intermediates) in 
the catalytic reactions of metalloenzymes. 
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Hig h-Resolution Imaging by Fourier Transform 
X-ray Holography 

Ian McNulty,* Janos Kirz, Chris Jacobsen, Erik H. Anderson, 
Malcolm R. Howells,t Dieter P. Kern 

Fourier transform x-ray holography has been used to image gold test objects with sub- 
micrometer structure, resolving features as small as 60 nanometers. The hologram-re- 
cording instrument uses coherent 3.4-nanometer radiation from the soft x-ray undulator 
beamline X I A  at the National Synchrotron Light Source. The specimen to be imaged is 
placed near the first-order focal spot produced by a Fresnel zone plate; the other orders, 
chiefly the zeroth, illuminate the specimen. The wave scattered by the specimen interferes 
with the spherical reference wave from the focal spot, forming a hologram with fringes of 
low spatial frequency. The hologram is recorded in digital form by a charge-coupled device 
camera, and the specimen image is obtained by numerical reconstruction. 

Soft x-ray microscopy offers the means to 
image thick, wet, unstained biological ob- 
jects at high resolution with less damage 
than by electron probes (1, 2). X-ray holo- 
graphic microscopy offers good transverse 
and limited depth resolution from single 
exposures, is able to form both amplitude 
and phase-contrast images, and is amenable 
to flash exposure with pulsed sources. Fourier 
transform holography is especially suited to 
high-resolution x-ray imaging with digital 
recording and to rapid (minutes or less) 
numerical reconstruction of the holograms. 
We present experimental evidence that Fou- 
rier transform x-ray holography can operate 
near the resolution limit set by the optical 
design, which, in our case, is 60 nm. 

Baez (3), Stroke (4), and Winthrop and 
Worthington (5) developed the conceptual 
foundations for x-ray holography and were 
among the first to advocate high-resolution 
holographic microscopy at x-ray wave- 
lengths. Soon afterward, Rogers and Palmer 
(6) proposed the use of zone plates as beam 
splitters for x-ray holography. Following 
these and related theoretical developments, 
Aoki et al. (7) and Reuter and Mahr (8) 
performed pioneering demonstration exper- 
iments; they achieved modest resolution in 

I .  McNulty, J. Kirz, C. Jacobsen, Physics Department, 
State Universitv of New York, Stonv Brook, NY 11 794- 

suite of the severe limitations in coherent 
power then available. Subsequently, Kon- 
dratenko and Skrinsky (9) and Howells and 
Kirz (10) suggested that radiation from un- 
dulators in electron storage rings provides 
the reauired coherent flux for submicrome- 
ter holography and advocated the Fourier 
transform eeometrv with electronic detec- ., 
tors. Solem and co-workers (1 1-1 3) exam- 
ined the ~ossibilities of flash "sna~shot" 
holography with x-ray lasers. They estab- 
lished requirements for coherence, power, 
and pulse length for successful imaging be- 
fore the specimen is altered by motion, 
radiation damage, or thermal explosion. 
The flash approach potentially circumvents 
the damage issue and, in the case of the 
Fourier transform method, may result in 
lower average power levels on the detector. 
Haddad et al. (14) proposed flash x-ray 
holography with reflective reference scat- 
terers, combined with charge-coupled de- 
vice (CCD) detection. 

~ecentl;, undulator radiation has been 
used to demonstrate high-resolution Gabor 
x-ray holography (15) both at the National 
Synchrotron Light Source (NSLS) (16) and 
at Laboratoire d'utilisation du Rayonne- 
ment Electromagnetique (LURE) (1 7). Bi- 
ological specimens have been imaged with 
this technique at 56-nm resolution, and 
there are indications that the holograms - 

3800. contain information recorded near the 
E. H.  Anderson and M. R. Howells, Lawrence Berkeley 
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