
catecholamine release in the prefrontal cor- 

Amy F. T. Arnsten tex (8). However, in contrast $ the facilita- 
tive actions in subcortical structures, high 
levels of catecholamine release in prefrontal 
cortex result in cognitive dysfunction. 

Exposure to mild to moderate uncontrol- 
Consider this: You are driving to work, tively (2). High levels of c a & b  exert lable stress impairs prefrontal cortical func- 
planning an important morning meeting w i t e  actions on these brain regions. tion in humans, monkeys, and rats (9). For 
with a colleague and inteqnittently remind- Catecholamine stimulation during stress example, humans expcsed to loud noise stress 
ing yourself that you must remember to turn can activate the amygdala and improve are less able to sustain attention or to inhibit 
left at the traffic light, not right as usual, in memory consolidation (3). The pionesing i r q p p i a t e  responses. As in animal stud- 
order to bring your suit to the cleaners. Sud- studies of McGaugh, Gold, T& and 0th- ies, & changes are most evident when the 
denly, you find yourself passing an  acci- ers demonstrated that mild to moderate ees- subject feels no conwl over the stress. In 
dent-a crowd is gathered around a grue- sors increase norepinephrine release within -, petformaace of simple, well-re- 
some scene. The ambulance screams up be- the amygjkh and enhance memory consoli- hearsed asks can acmally be better than 
hind you, and you hurry to get out of the dation in dents More saxqdy* &is work 4 &q,- -. Similar results 
way. You feel your heart quicken and notice have in.&es of rats and mon- 
that your foot is faster than usual as.pu step keps,wherestreps~&spatialworking 
on the brake at the red id. Ycnr rqt~.m 8nezao1y hmcths of the pdtrmt.1 cortex 
s u m  planning the mo&s meeting, but but has little effect on the visual dirimii -  
yourth+%re-~owdyou tion abilities of more posterior cortices. 
lose concentration, dis t iwd by a d i i -  Sties-induced working memory deficits re- 
jockey's*praale from the radio. You get h~ gUlt from increased ca&hine receptor 
work, the memory of that gruesome sc,ene; stimulation in the prefrontal cortex and can 
all too vivid, and kbte yourself be ameliorated by agents that prevent cat- 
you forgot to go to the c l e .  echolamine r e k  or block dopamlne r e p -  

tors (9, 10). Convedy, stress-induced cog- 
aitive deficits can bemimicked by infusion of 
s doparmne Dl receptor qpnkt  in the pre- 
frontal cortex (1 1 ) .  Similarly, in electro- 
&Piological studies, large concentrations of ' DS'agmis abolish the calcium currents that 
.-wy signals along dendrites (12), effec- 
t i e  %tra&.Ig information transfer from 
dadrite to soma ( 1 1 ). In conrrast, the ionto- 
phoresis of low levels of Dl receptor antago- 
nists can enhance memory-related neuronal 
responses in monkeys performing working 

nephrine) released in the peripheral and ~ady  ~rr* s h w  W. P. .p(cess~, ias memory tasks (13). T h s  studies emphasize 
' central nervous systems dtxbg stress. And just the hpommce of doparmne Dl receptor ac- 

as catecholamines "m onn our heart and has been translated to humans, in whom the tiom in taking the pmfrontai caex "off line" 
muscles and "turn oft' the stomach to prepare memory of emotionally stressful scenes is as- d w  stms. Other xuxmm&tors may 
for fighta-flight responses daring stress, simi- sociated with activation of the amygdala (3) contribute as well [for example, norepineph- 
lar opposing actions in the brcaiin may turn on a and is mediated via norepinephrine actions rine via al-adrenoceptw ( 1  4)] ,  ensuring 
structure called the am- and ofl the at Fadrenergic rw+m (3). The amygdaia rapid yet reversible loss of prefrontal corti- 
p d m n d  cortex (a h&e wg@ve center), is also activated in conditioned fear para- cal control over behavior. 
allowing patekr  cortical and txdxwtical d@w, in which a previously mtral stimu- This bimodal reaction to stress likely had 
structures to control our behavior. The amyg- lus becomes avasive duough its association survival value in evolutim Under s m ,  the 
dala is a phylogenetically oldermwtme m the with a sttessfulstkiairnukts such as electric faster, habitual, or instinctual mechanisms 
medial temporaI lobe, long knawn to be men- shuck (4). The exgression of conditioned regulated by the amygdala, hippocampue, 
tial for the expreaion of emotion and the for- fear quires dopamine Dl receptor sthula- saiatum, and posterior cortices would control 
mation of asociaths between stimuli and tion in the amygdala in rodents (5). Thus, behaviar,atldlonglssangmemoriesofaversive 
emotions (1 ). In contrast, the prefimml a- hcreasd release of dopamine and norepi- stimuli would be enhanced in order to avoid 
tex expands greatly in primsm and pennits nephrine in the amygdda duriPlg mild to such stimuli in the future. However, in mod- 
worlung memory to guide our behavior, inhib- moderate stress enhances amygdah function. 
iting inappropriate reqaws or distractions These mdmnkms likely cormibute to post- 
and allowtng us to plan and organize &=- traumatic stress b r d a  m humans (6). Cat- 

echalztmine-indd activation of the amyg- 
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Cytochrome c Oxidase: not be apparent. Furthermore, there is no 
need to have a stable, long-lived continuous 
hydrogen-bonded chain as a proton wire. One Enzyme, TWO Mechanisms? such mctures ,ld well transient, not 
observed in the static structure, and still carry 

Robert B. Gennis 
out their function. In short, finding extended 
proton-conducting pathways from the x-ray 
structures is neither sufficient nor necessary 
to define a "proton wire." Needless to say, 
this adds some uncertainty to the interpreta- 

T h e  cytochrome c oxidases, along with other chemical functions, notably ATP synthesis. tion of structural data. 
members of the superfamily of "heme-copper The oxidase accomplishes this by couphg the Generally, the structures of the bacterial 
oxidases" (1,2), are responsible for nearly all redox chemistry (dioxygen &tion to wa- and mammalian oxidases have proven re- 
aerobic respiration on Earth. These critical ter) to proton pumping, thereby generating markably similar, including significant struc- 
enzymes recently provided the occasion for a transmembrane voltage and proton gradients tural details that have emerged since the 
wonderful-and unexpected-achievement that supply the proton motive force. For every original reports (5,11,12). But in their new 
in membrane structural biology. In a single turnover of the enyzme (dioxygen reduction), work, Yoshikawa et al. report several differ- 
week in the summer of 1995, two indepen- eight protons are taken from the inside aque- ences in their structure of the bovine enzyme. 
dent x-ray structures were reported in Sci- ous compartment, four protons b e i  used to Briefly, 
ence and Nature: the 13-subunit enzyme make two molecules of water, and the remain- 1) The refined structure of the fully oxi- 
from bovine heart mitochondria (3), and the ing four protons are pumped to the opposite dized bovine oxidase shows a peroxide mol- 
four-subunit enzyme from the soil bacterium side of the membrane, about 50 A away. Un- ecule at the heme-copper center. This sur- 
Pmacoms denitnjbu (4). Now on page 1723 derstanding how oxidase fimctiazls is largely a prising finding will certainly provoke further 
(5) of this issue, Yoshikawa et d report the matter of defining how, when, and where pro- experiments to demonstrate chemically that 
refinement of the structure of fully oxidized tons move during the catalytic cycle. But the so-called "resting" o x i d i i  form of the 
bovine cytochrome c oxidase to 2.30 A plus knowing the protein architecture of a static enzyme (13, 14) is, in fact, aperoxideadduct. 
the structural changes that occur upon full re- structure or set of structures may not be suffi- Until spectroxqic and biochemical studies 
duction of the enzyme's metal atoms and upon cient to deduce mechanism and dynamm. on the crystals can better define which of the 
the binding of ligands, azide, and CO. This Cytochrome c oxidase must clearly have several "resting" forms is present, there is no 
major achievement yields a much closer look more than one extended proton-conducting way to h o w  how to relate the unexpected 
at this energy-transducing membrane protein channel or pathway, but what do such t h i i  peroxide-umtainii structure to previous 
and reveals interesting differences between look like? Net translocation of protons can studies of the enzyme in solution. How im- 
the mammalian and bacterial oxidases that occur over a long distance through a protein portant this will ultimately be is not clear, 
prompt the authors to propose a radically dif- by hopping between pairs of hydrogen- because even the authors do not believe that 
ferent mechanism of proton pumping for the bonded donor and acceptor residues (8-10). this species is involved in the catalytic cycle. 
bovine enzyme. A stnng of such residues connected by hydro- 2) The azide complex of the oxidized bo- 

Cytochrome c oxidase reduces dioxygen gen bonds can be thought of as a "proton vine enzyme has the same ligation of CuB as 
(02) to water in a way that comrves the con- wire" (9). Not all hydrogen bond networks does the enzyme in the absence of azide. This 
siderable free energy made available from this can function as a proton wire, because a cer- is in contrast to the "missing" or disordered 
h a y  favorable reaction (6,7). This free en- tain rotational mobility of the component histidine ligand that was reported in the 
ergy, once harnessed, is then used for a wide parts of the wire is required. Water is an ex- original structure of the azide adduct of the 
variety of energy-requiring biologid and bio- cellent component of a proton wire (9, lo), bacterial oxidase (4). The importance of this 

but if the internal water molecules are disor- observation has nothuig to do with azide, but 
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