




proposed (5, 6). Although the link with trans-
polar arcs has previously been suggested (6), the
confirmation of the magnetic field topology pro-
vides strong evidence that both transpolar arcs
and atypically hot lobe plasma observed during
periods of northward IMF are caused by the pro-
cess of magnetic reconnection in the magneto-
tail, where newly closed lobe flux becomes trapped
in the lobe (10). Although other proposed mech-
anisms could explain the closed nature of the
magnetic flux threading the transpolar arc, we
are not aware of an alternative mechanism that
could explain all of the following points: (i) the
observation of the lobe immediately before and
after the passage of the arc, (ii) the observed
back-and-forth motion of the arc, and (iii) the
absence of a change in sign of the IMF BY (dawn-
dusk) component in the hour before the arc
formed (see supplementary text). The reconnec-
tion mechanism (10) predicts that closed mag-
netic flux observed at high latitudes should be
similar in most respects to the plasma sheet,
because both contain plasma that was originally
contained in the lobe but that has since been
heated as a result of the contraction of the field
lines after their closure. Our observations confirm
that the plasma observed at high latitudes is
indeed similar to that observed in the plasma
sheet. The net effect of this process is an increase

in the closed fraction of the magnetotail in one
narrow local time sector. An interesting conse-
quence is that as this transpolar arc spans the

entire polar cap, the magnetotail is entirely
closed in a narrow sector of local time, which
highlights the intriguing topology that the
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Fig. 2.Time series of
the interplanetary
and magnetospheric
conditions.The top
two panels show the
simultaneous (A)
north-south and (B)
dawn-dusk com-
ponents of the IMF
(BZ and BY, respec-
tively) obtained from
the OMNI data set
(25).The next two
panels show the (C)
electron and (D) ion
populations observed
by Cluster 1 in the
magnetotail lobes by
the PEACE (26) and
CIS-HIA (27)
instruments, respec-
tively. Both panels
contain the differential
energy flux (DEF) of
the electron or ion
population plotted as
a function of energy
and time.The bottom
panel (E) shows the
observed ion temper-
ature. Arrows labeled
with lowercase letters
(a) to (i) indicate
selected times of
interest.

a b c d e f g h i

Fig. 3. Electron pitch angle distribu-
tions from the hot plasma population.
(A) Pitch angle distribution of electrons
observed above 100 eV between 18:15
and 18:45 UT. (B) Electron distribution
observed at the time of the highest
differential energy fluxes observed by
Cluster [corresponding to arrow (g) in
Fig. 2; also indicated in Fig. 3A]. The
distribution has been computed from
five consecutive spacecraft spin periods,
centered on time (g), and the color
scale has been chosen to emphasize
the differences in the field-aligned and
perpendicular directions.
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Fig. 4. Summary of the
relationship between
the auroral and in situ
(high- and low-altitude)
plasma observations.
(A) Montage of the auro-
ral observations made by
the IMAGE FUVWideband
Imaging Camera on 15
September 2005. Each
image has been projected
onto a grid of magnetic
latitude against magnetic
local time with local noon
at the top anddawn to the
right. Panels (a) to (j)
show the transpolar arc
[indicated by the white
arrow in (b)] at different
stages of its evolution,
with the footprint of the
Cluster spacecraft indi-
cated by a red dot.The
times corresponding to
panels (a) to (j) are also
indicated in Fig. 2 and (B)
of this figure. At 15:10 UT
(a), the aurora conformed
to the standard oval
configuration, and the
Cluster 1 footprint was in
the dim region poleward
of the main auroral oval
(the polar cap), consistent
with the location of the
spacecraft in the lobe. At
16:38 UT (b), a small fea-
ture emerged from the
nightside oval (indicated
by the white arrow) and
subsequently grew into a
transpolar arc [(c) to (i)].
The growth and evolution
of the arc [(b) to (h)]
occurred while the IMF
was northward (Fig. 2A).
The arc was initially dusk-
ward of the footprint of
Cluster [(b) and (c)]. At
17:16 UT (d), the arc inter-
sected the spacecraft
footprint before retreating
duskward again (e); a
subsequent and final
period of dawnward
motion caused the arc to
intersect the spacecraft
footprint oncemore [(f) and (g)] and thenmove past the spacecraft footprint
[(h) and (i)]. After the IMF turned southward at 19:10 UT, the arc retreated to
the night side of the polar cap (i) and subsequently disappeared (j). (B)
Electron population observed by Cluster (replotted from Fig. 2C), with labels
showing the times corresponding to (a) to (i). There is an excellent corre-
spondence between the times that the uncharacteristic plasma is observed
and the times when the transpolar arc intersected the spacecraft footprint
[(d), (f), and (g)]. (C) Spectrograms of the electron and ion populations ob-
served by the Defense Meteorological Satellite Program (DMSP) F16 satellite
at low altitude during a polar cap crossing made between (f) and (g). Ion pre-

cipitation was observed between 18:25 and 18:27 UT, which coincides with the
time that the DMSP F16 satellite traversed the arc. [The orbit of the DMSP
spacecraft is shown in panel (f) of (A).] The ion and electron precipitation
observed at this time is comparable in energy with that observed above the
main oval (7, 9) and at high altitudes by Cluster 1 (Fig. 2,C and D), although the
electron precipitation observed by DMSP shows signs of further acceleration
(inverted “Vs”). In these respects, the precipitation observed by DMSP is
typical for transpolar arcs (18). Electron precipitation is observed elsewhere in
the polar cap andmay be associatedwith fainter polar cap arcs, presumablyon
open magnetic field lines.
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magnetosphere can attain when the IMF points
northward.
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BIOPHYSICS

Extreme electric fields power
catalysis in the active site of
ketosteroid isomerase
Stephen D. Fried,* Sayan Bagchi,† Steven G. Boxer‡

Enzymes use protein architecture to impose specific electrostatic fields onto their bound
substrates, but the magnitude and catalytic effect of these electric fields have proven
difficult to quantify with standard experimental approaches. Using vibrational Stark
effect spectroscopy, we found that the active site of the enzyme ketosteroid isomerase
(KSI) exerts an extremely large electric field onto the C=O chemical bond that undergoes
a charge rearrangement in KSI’s rate-determining step. Moreover, we found that the
magnitude of the electric field exerted by the active site strongly correlates with the
enzyme’s catalytic rate enhancement, enabling us to quantify the fraction of the catalytic
effect that is electrostatic in origin. The measurements described here may help explain
the role of electrostatics in many other enzymes and biomolecular systems.

K
etosteroid isomerase (KSI) is a small, pro-
ficient enzyme with one of the highest
known unimolecular rate constants in
biochemistry (1, 2), which has prompted
extensive study of its mechanism and the

catalytic strategies it uses (3–5). In steroid biosyn-
thesis and degradation, KSI alters the position of a
C=C double bond (Fig. 1A) by first abstracting a
nearby a proton (E•S ⇌ E•I), forming a charged
enolate intermediate (E•I), and then reinserting
the proton onto the steroid two carbons away
(E•I ⇌ E•P). The removal of a proton in the first
step initiates a rehybridization that converts the
adjacent ketone group to a charged enolate, an
unstable species that is normally high in free en-
ergy and so slow to form. The reaction is therefore
expected to produce an increase in dipole moment
at the carbonyl bond (jDm→rxnj), suggesting that KSI
may facilitate this reaction by exerting an electric
field (F

→

enz) on this bond that stabilizes it in the
intermediate form and the preceding transition
state (Fig. 1B). Using vibrational Stark effects, we
havemeasured the electric field that KSI exerts on
this C=Obond, providing quantitative experimen-
tal evidence for the connection between electro-
statics and catalytic proficiency.
The frequencies of certain vibrations (such as

the C=O stretch) shift in a linear manner with
the electric field experienced by that vibration
from its environment, a phenomenon known as
the linear vibrational Stark effect (6, 7). Through
this effect, we have shown that vibrations can be
used as probes of local electrostatic fields. The
nitrile group has been widely deployed to mea-
sure electric fields inside enzymes and their re-
lationship to mutation (8), ligand occupancy (9),
or conformational changes over the catalytic

cycle (10). In this study, we have focused on the
C=O group of the inhibitor 19-nortestosterone
(19-NT) (Fig. 1C), because when 19-NT binds, the
C=O group is loaded directly into the catalytic
machinery (11, 12). In this way, 19-NT’s C=O vibra-
tional (infrared) frequency shift probes the electro-
static environment that the substrate’s C=O bond
would experience in the active site, except 19-NT
cannot react due to the position of the C=C bond.
To calibrate the sensitivity of 19-NT’s C=O vi-

brational frequency to an electric field, we used
two complementary approaches. In Stark spec-
troscopy (Fig. 2, A and B), an external electric
field of known magnitude is applied to a frozen
glass containing 19-NT, and the accompanying
effect on the vibrational spectrum is recorded (7).
By fitting the Stark spectrum (Fig. 2B) to deriv-
atives of the absorption spectrum (Fig. 2A), the
vibration’s difference dipole can be extracted:
jDm→C¼Ojƒ = 1.39 T 0.05 cm–1/(MV/cm), where ƒ is
the local field factor (fig. S1) (6, 7, 13). A vibra-
tion’s difference dipole is its linear Stark tuning
rate; that is, 19-NT’s C=O vibrational frequency
shifts ~1.4/ƒ cm–1 for every MV/cm of electric
field projected onto the C=O bond axis, whether
the source of that field is an external voltage (as
in Stark spectroscopy) or an organized environ-
ment created by an enzyme active site (F

→

enz) that
we wish to characterize. Whenever an external
field is applied to a vitreous sample, vibrational
bands will broaden because 19-NT molecules
(and their C=O bonds) are randomly oriented
with respect to the fixed direction of the external
electric field (6, 7). By contrast, a vibrational probe
will have a fixed orientation with respect to a
protein electric field when bound to a protein, and
as such the linear Stark effect then produces spec-
tral shifts instead of broadening. The C=O vibra-
tion’s Stark tuning rate does not appreciably change
when C=O accepts a hydrogen bond (fig. S2), im-
plying that the frequency still responds to fields
linearly even when C=O participates in stronger
interactions, although those interactions themselves
are associated with larger electric fields (14).
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