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segregated, with y-actin found predominantly in
the stress fibers and B-actin predominantly at
the leading edge (/6-18). Because B-actin is
arginylated to about 40% and y-actin is not, the
difference between (- and y-actin—containing
filaments in vivo should be quite substantial. In-
deed, at the leading edge, B-actin—containing
filaments are assembled from about 40% of
arginylated subunits, which should prevent their
side-to-side aggregation and induce the formation
of a loose network, normally seen at the leading
edge of locomoting cells. At the same time, the
arrangement of arginylation-free y-actin—containing
filaments in the cell body favors the tightly packed
stress fibers (Fig. 5D). Although other protein
factors undoubtedly participate in this arrangement,
the absence of arginylation in such cells should lead
to bundling of B-actin at the leading edge, which
would conceivably result in lamella collapse and
the accumulation of B-actin aggregates in the
cytoplasm, as seen in the Atel~ cells.

To further test these predictions, we have
developed a mathematical model of actin as-
sembly in vitro and in vivo in the presence and
absence of arginylation (supporting online
material). This model, in agreement with the
experimental data and data from the literature,
suggests that both B-actin arginylation and its
targeting to the leading edge are essential to
differentiate between actin isoform—specific
networks in vivo and facilitate lamella forma-
tion in locomoting cells. The model also pre-
dicts that the effect of arginylation on actin
assembly can be expected in a range of per-
centages of arginylated subunits as compared to
nonarginylated ones, with effects that are sub-
stantial even when as little as 20% of the
leading-edge actin is arginylated. Thus, our
crude estimation of 40% arginylated B-actin
does not need to be accurate to explain the
observed effects in vivo and in vitro. In fact, the
percentage of arginylated actin should vary in
vivo, depending on the motile state of the cell.

Cell motility is critically important during
cardiovascular development and angiogenesis.
Our finding provides insights into the molecular
events that lead to the impairment of these
developmental events in Atel~~ mice. Indeed,
the defects in lamella formation observed in the
Atel~ cells could result in reduced migration of
the cells of cardiovascular lineages. Arginylation
has been suggested to regulate many proteins;
thus, other protein targets are likely to be re-
sponsible for additional arginylation defects on
the molecular, cellular, and organismal levels.
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Massive-Star Supernovae as
Major Dust Factories
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We present late-time optical and mid-infrared observations of the Type Il supernova 2003gd in the
galaxy NGC 628. Mid-infrared excesses consistent with cooling dust in the ejecta are observed 499
to 678 days after outburst and are accompanied by increasing optical extinction and growing
asymmetries in the emission-line profiles. Radiative-transfer models show that up to 0.02 solar
masses of dust has formed within the ejecta, beginning as early as 250 days after outburst. These
observations show that dust formation in supernova ejecta can be efficient and that massive-star
supernovae could have been major dust producers throughout the history of the universe.

illimeter observations of high-redshift
M(Z > 6) quasars have revealed the pres-

ence of copious amounts of dust
when the universe was as young as 700 million
years (/). At the present day, dust in the
interstellar medium of the Milky Way and other
galaxies is generally thought to be injected
mainly by the gentle winds of low-mass stars
when they evolve onto the Asymptotic Giant
Branch (2). However, stellar-evolution time
scales of these low- to intermediate-mass stars
are too long for them to have been a major
contributor to the dust budget in the early uni-
verse (3). Instead, dust in the early universe
must reflect the contribution from rapidly
evolving (1 to 10 million years) massive stars,
which return their nuclear ashes in explosive
Type II supernova (SN) events. Theoretical
studies have long suggested that dust can con-
dense in the ejecta from core collapse (e.g.,
Type 1I) SNe (4), and calculations predict
condensation of 0.08 to 1 solar mass (M) of

dust within a few years, depending on metal-
licity and progenitor mass (5—7). There is also
evidence for the origin of some dust in Type 11
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SNe on the basis of the isotopic composition of
stardust isolated in meteorites (8).

Direct observational evidence for efficient
dust formation in SN ejecta is, however, lack-
ing, largely because SN explosions are rare and
far apart. Dust formation was detected in the
ejecta of SNe 1987A and 1999em, but only
some 107* M were inferred for each (9-/1), a
factor up to 103 smaller than typical SNe would
have had to produce in order to contribute ef-
ficiently to the early-universe dust budget (12).
Similarly low dust masses have been measured
in evolving SN remnants with the recently
launched Spitzer Space Telescope (/3); how-
ever, its mid-infrared (mid-IR) instruments are
most sensitive to warm (50 to 500 K) material,
whereas dust in these remnants has almost cer-
tainly cooled to <30 K. Cold dust has been
detected in remnants in the far-IR and sub-mm
wavelengths; however, such observations risk
strong contamination by cold, unrelated dust
clouds along the line of sight (/4). As such, the
best way to demonstrate dust condensation in
SN ejecta is to study them within a few years of
their explosion, during the epoch of condensa-
tion when the ejecta are much hotter than in-
terstellar dust. The high sensitivity of Spitzer’s
mid-IR detectors allows us to sample very
young core collapse SNe within ~20 Mpc and
opens up the whole nearby universe for such
studies. Here we report on such a study of the
Type II-P SN 2003gd in the galaxy NGC 628.
A rare combination of contemporaneous optical
and mid-IR observations of this well-studied
SN with a known stellar progenitor mass of 874
Mg (15, 16) provides an excellent test case for
the efficiency of dust formation in SN ejecta.

Data in support of dust production. As
dust condenses in SN ejecta, it increases the
internal optical depth of the expanding ejecta,
producing three observable phenomena: (i) a
mid-IR excess; (ii) asymmetric blue-shifted
emission lines, because the dust obscures more
emission from receding gas; and (iii) an in-
crease in optical extinction. All of these were
observed from 1 to 3 years after outburst in
SN 1987A (9, 10). In this section, we present

Fig. 1. Hubble and Spitzer
Space Telescope images of a
10"by 10” field centered on
the position of SN 2003gd.
(A) HST WFPC2 image taken
in the F606W filter in which
the SN progenitor (arrow)
was identified (15, 18), with
a resolution of 0.”045 pixel 2.
(B and C) False-color SST IRAC
images of the SN taken on
(B) 28 July 2004 and (C) 15
January 2005, showing the
3.6-um (blue), 4.5-um (green), 4
and 8.0-um images (red). All

IRAC images were processed by
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or confirm all three phenomena from SN
2003¢gd.

NGC 628 was observed by the Spitzer
Infrared Nearby Galaxies Survey (SINGS) Leg-
acy program (/7) with Spitzer Space Tele-
scope’s Infrared Array Camera (IRAC) at 3.6,
4.5, 5.8, and 8.0 pm on 28 July 2004, or day
499 after outburst (/8), and with the Multiband
Imaging Spectrometer for Spitzer (MIPS) on 23
January 2005 (day 678) at 24 pum; the SN was
also observed with IRAC as part of GO-3248
(P. I. W. P. Meikle) on 2005 Jan 15 (day 670).
All data were acquired from the Spitzer ar-
chive, then spatially enhanced with the SINGS
data pipelines to a final resolution of 0.”75
pixel~'. A point source identified in all four
IRAC bands from day 499 is consistent to with-
in 0.”17 (0.2 IRAC pixels) with the position of
the SN progenitor (Fig. 1), as measured by care-
ful absolute and differential astrometry between
the 3.6-pum IRAC image and the archival Hubble
Space Telescope (HST) Wide Field and Plane-
tary Camera 2 (WFPC2) data in which the pro-
genitor was identified (/6).

Photometry of the Spitzer data was per-
formed with point-spread-function fitting tech-
niques (/9). The resulting flux densities are
20.8 £2.6 nly at 3.6 um, 73.8 + 5.6 ply at 4.5
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um, 64.9 + 7.3 ply at 5.8 um, and 103 £ 22 ply
at 8.0 um on day 499, and 106 + 16 ply at 24
pum on day 678; the SN is nearly undetectable
in IRAC on day 670, with 3¢ upper limits of
6.0, 10.6, 13.5, and 26.6 ply at 3.6, 4.5, 5.8,
and 8.0 pum, respectively (Fig. 2). An excess at
4.5 pm could be due to CO emitting at 4.6 um
(10). Otherwise, the rising 5.8- to 24-pum flux
densities are not expected from the gaseous
ejecta, which typically have temperatures of
3000 to 5000 K at these late times (Z0). It is
unlikely that this emission is a thermal light echo,
because the time variability of the IRAC fluxes is
much faster than that expected for a typical
circumstellar dust shell (20). Assuming that the
mid-IR emission can be modeled with a single
blackbody, the best fit to the 5.8- to 8.0-um data
from day 499 has a temperature of 480 K, which
for an adopted distance to the SN of 9.3 Mpc
(18) yields an integrated luminosity of 4.6 x 10°
L, and an equivalent radius of 6.8 x 10'5 cm.
The size, temperature, and variability implied by
the spectral-energy distributions (SEDs) are thus
consistent with lower temperature (7' ~ 500 K)
dust that is cooling within the SN ejecta.

The first indication of such dust formation
in SN 2003gd came in a comparison of broad-
band photometry and Ha spectra of the SN

Fig. 2. Spectral-energy dis-
tribution of SN 2003gd,
showing optical photometry
on day 493 (squares) from
(18) and extrapolated from
day 632 (21) to day 678
(diamonds) based on the
evolution of SN 1987A (24);
IRAC data from day 499 L
(circles); upper limits to -

IRAC from day 670 (arrows); E

100

Flux Density (uJy)
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and the MIPS datum from
day 678 (triangle). Error
bars are computed with a
Poisson-noise model that

Wavelength (um)

includes detector characteristics, and flat-field and profile uncertainties. Fluxes have been dereddened by
E(B — V) = 0.14 (18). The curves are MOCASSIN radiative-transfer model fits to the data at day 499
(solid lines) and 678 (dashed lines) based on smoothly distributed (black) and clumpy (gray) dust. See

text and Table 2.
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the SINGS collaboration to a final resolution of 0.”75 pixel 2.
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between days 124 and 493 (18), in which a
small decline in the late-time luminosity was
accompanied by a slight blueshift in the
emission-line peaks. New spectroscopic obser-
vations of SN 2003gd were obtained in long-slit
mode, covering ~4500 to 7000 A with a
spectral resolution of ~7 A, by the Gemini
Multi-Object Spectrograph (GMOS) on Gemini
North on 19 August 2004 (day 521). Two
spectra of SN 2003gd were obtained, which
have been debiased, flattened, wavelength-
calibrated, sky-subtracted, extracted, and then
combined. The wavelength calibration is accu-
rate to about 2 A. The Ho and [O I] spectra
from days 157 and 493 (/8) are compared to
the newer data in Fig. 3. Inspection of the lines
confirms that the emission peak is indeed
blueshifting, whereas the red high-velocity
wing seen at the earliest epoch has diminished.
Additionally, the most recent spectra show a
clear asymmetry in the first few hundred km
s~ ! redward of each line peak. These blueshifted
peaks and asymmetric profiles are consistent
with a simple model in which dust with an in-
creasing optical depth is located within an
expanding sphere of uniform emission (/7); in
particular, the day 521 profiles suggest an op-
tical extinction 4, < 5.

The B, V, and R light curves of SN 2003gd
through day 493 (18) have been combined with
the B- and R-band photometry from day 632
(21) in Fig. 4. Over this 500-day period, the SN
is evolving almost identically to SN 1987A,
with the exception that SN 2003gd is slightly
subluminous in V and R around day 493. The
close match between the light curves of these
two SNe implies an increase in optical extinc-
tion of SN 2003gd as well.

The observed dust extinction is measured by
comparing the change in photometry over time
to a standard intrinsic luminosity. The internal
extinction in SN 1987A is believed to have
increased by 4, = 0.8 mag between days 525
and 700, as determined in broad-band photom-
etry by comparing the light curve after day 525
to the best fit line through the data from days
450 to 525 (9). The slope of this line (Fig. 4) is
extremely sensitive to the subset of the SN
1987A light curve used, and the resulting dust
extinction can vary by >1 mag depending on
the days included in the least-squares fit. Thus,
we deem this a poor measure of the intrinsic
luminosity.

The broad-band evolution of Type II SNe
past ~500 days is poorly documented, because
very few SNe have been observed beyond this
epoch. At these late times, the light curve is
dominated by the energy input of y-rays from
36Co decay, which decreases with an e-folding
time of t,, = 111.2 days. The R-band pho-
tometry of the Type II SN 1990E (22) closely
follows this evolution through 540 days (Fig.
4), suggesting that simple Co decay provides a
good estimate of the unextinguished R-band
light curve for at least that long. However, as
the ejecta expand, their opacity to y-rays is ex-
pected to decrease, which results in a modified
light curve (23)

Lsg(1) o< eit/“"[l — ok %o (to/f)z] (1)
where the term in brackets is the “effective
opacity”; k., = 0.033 cm? g~! is the average
opacity to 3°Co-decay y-rays, and ¢, =7 x 10*
g cm ™2 is the column depth at the fiducial time
t, = 11.6 days, chosen to match the bolometric

Fig. 3. Optical spectra [T
[0 1] Mm6300,

of SN 2003gd showing
[0 11 AA6300,6363 A (top)
and Ho (middle and
bottom). Spectra have
been corrected for the
redshift z = 0.00219 of

0.5

63634

galaxy NGC 628. The
gray curves are taken
from the data presented
in (18), showing the pro-
files at days 157 (solid
line) and 493 (broken
line). The solid black

Arbitrary Flux

———- Day 493 A1
Day 521 7

curve is from the new
data taken on day 521
with GMOS-N on Gemini
North. The profiles are
normalized to an arbi-
trary flux scale. A mono-
tonic blueshift in the Ho

line peak, first reported
by (18), is confirmed. The
most recent spectra in all

0
v, (1000 km/s)

three lines also show a clear profile asymmetry redward of each line peak. This evolution is expected
from dust forming homogeneously within the ejecta, which preferentially extinguishes emission from

the receding (i.e., redshifted) gas.

light curve of SN 1987A (23, 24). Note that
Eq. 1 begins fading relative to simple >°Co
decay around 500 days.

The Co-decay curves, both with and without
the effective-opacity correction, are much more
luminous than the aforementioned linear fit to
SN 1987A at the time of dust formation (Fig.
4). The slopes of these Co-decay curves also
closely resemble that of SN 1987A after day
775, when dust production is believed to have
ended (10). Thus, Eq. 1 offers a more realistic
standard luminosity for the unextinguished R-
band light curve of SN 1987A. Comparison of
L, to the SN 1987A photometry yields
extinctions of 1.5 mags around day 700 when
effective opacity is included, and 2.5 mag when
it is excluded. Because the evolution of SNe
1987A and 2003gd are so similar, Eq. 1 is also
used to estimate the extinction of SN 2003gd at
each epoch, as listed in Table 1.

Dust-mass analysis and interpretation.
The observations presented above overwhelm-
ingly point toward dust forming within the
ejecta of SN 2003gd, beginning sometime be-
tween 250 and 493 days after outburst. To
estimate the mass of dust present, we use the
three-dimensional Monte Carlo radiative-transfer
code MOCASSIN (25). Briefly, the paths of
photon absorption, scattering, and escape are
followed from a specified source through a
given composition, grain-size distribution, and
geometry of dust. The particular choices of
these are either constrained a priori or are
varied until the model emission and extinction
match the observed values.

Because our hypothesis is that dust con-
denses within the ejecta, the radiative-transfer
model is constructed under the initial assump-
tion that the dust and source luminosity are
mixed within a spherical, expanding shell with
inner radius 7, , outer radius Y7, , and p o 772
density profile, and with the illuminating ra-
diation proportional to the dust density. Initial
values for the shell size, source luminosity, and
temperature are guided by the blackbody
previously fit to the mid-IR data and by models

Table 1. R-band extinction of SN 2003gd.
Equation 1 is used with and without the effective
opacity term to estimate the average and max-
imal extinction, respectively. The observed values
are listed first, and these were used along with
the R-band light curve of SN 1987A to extrapolate
the extinction of the SN at the epochs of SST
observation.

A, (mags)

Day

Average Maximal Error

Observed
493 0.52 0.73 0.09
632 1.36 1.78 0.12
Extrapolated

499 0.53 0.74 0.14
678 1.51 2.13 0.20
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of SN 1987A at similar epochs (/0). There are
numerous models for dust formation within SN
ejecta [for a review, see (26)], most of which
predict that grain sizes will remain small. We
adopt a standard a3 size distribution (27),
with grain radii between 0.005 and 0.05 pum,
and the dust composition is taken to be 15%
amorphous carbon and 85% silicates (7), with
optical constants taken from (28, 29). Finally,
because there are very few optical and mid-IR
data to constrain a given model, the source
luminosity is restricted to evolve according
to Eq. 1, whereas its temperature remains
constant (10).

Two dust distributions are considered. In
the first, “smooth” model, the dust is uniformly
distributed throughout the shell according to the
adopted density profile. However, as early as a
few hours after outburst, postshock ejecta be-
come Rayleigh-Taylor unstable (30, 37), forming
an inhomogeneous or ‘“clumpy” distribution,
which we model as a two-phase medium, in
which spherical clumps with size r, = &(Y 7)),
volume filling factor f,, and density contrast
o = p./p are embedded within an interclump
medium of density p. This is analogous to the
mega-grains approximation (32) with the addi-
tion of a radial density profile. Only macro-
scopic mixing has been found in the clumpy
ejecta of SN remnant Cas A (33), which sug-
gests that elemental ejecta layers remain hetero-
geneous. We therefore assume that the source
luminosity is completely separated from the
dust clumps. For a given geometry, a clumpy
model will always require more mass than a
smooth one to fit a given SED, because clump-
ing lowers the overall optical depth for a given
mass of dust (32). Rather than explore the
extensive parameter space of clumpy models,
we study the limiting case where all dust is in
clumps, i.e., a—0c0, which should provide upper
mass limits, whereas the smooth models will
provide lower mass limits. Finally, as sug-
gested from hydrodynamic simulations (37),
we fix & = 0.025.

Model results are summarized in Fig. 2 and
Table 2. A good fit to the day 499 photometric
and extinction data was achieved for the
smooth model with Y= 7, r,, =5 x 10'5 cm,
L =6.6 x 105 Ly, and T = 5000 K, whereas
fitting the day 678 data required changing r, to
6.8 x 105 cm and L to 9.2 x 10* L. Clumpy
models used these same parameters, with f, =
0.02 on day 499, and f, = 0.05 on day 678. A

Table 2. Dust masses and R-band extinction
calculated by the radiative-transfer code
MOCASSIN.

Day Model Aq My M)
499 Smooth 0.40 2.0 x 1074
499 Clumpy 0.65 1.7 x 1073
678 Smooth 1.48 2.7 x 1073
678 Clumpy 1.22 2.0 x 1072
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complete exploration of the model parameter
space is beyond the scope of this work and will
be presented elsewhere. In general, small
changes to the model parameters have only
modest effects. For example, including maxi-
mum grain sizes up to 0.25 um (typical of dust
in the interstellar medium) decreases the dust
mass by less than 10%. A 10% change in 8 or f,
results in a 1 to 5% change in mass for our
adopted parameter ranges. Thus, the smooth
and clumpy model results shown in Table 2
offer reasonably robust lower and upper mass
limits, respectively.

These clumpy-model masses, up to 2 X
1073 M, on day 499 and 2 x 1072 M, on day
678, are much higher than most analytic
estimates of the dust mass for SN 2003gd. For
example, when the same grain properties as
those above are used, 5 x 1074 and 2 x 1073
My, of dust are required to produce the mid-IR
emission at days 499 and 678, if all grains are
visible and isothermal (34). When we use the
mega-grains approximation for dust uniformly
mixed with diffuse emission within a spherical
shell (32), the R-band extinction yields masses
of only 1075 and 4 x 10™* M of smooth dust
for days 499 and 678. In contrast, up to 5 x
1073 M, of clumpy dust is deduced from the
mega-grains model for day 499, which agrees
well with our radiative-transfer model. Howev-
er, once clumps become optically thick, only
geometry (3, f.) determines their extinction,
and thus an arbitrarily large mass of clumpy
dust reproduces the extinction from day 678.
This behavior of the mega-grains model makes
it of limited use in determining dust masses
when the observed optical depth reaches unity.
We conclude that the most-often used analytic
approximations can provide unreliable estimates
of dust masses.

Observations similar to those presented here
have demonstrated the condensation of dust in
the ejecta of SN 1987A and 1999em, but the
inferred masses for these SNe were only mod-
est, on the order of 107% Mg (10, 11).
Asymmetric Ha line profiles have been de-
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tected for Type II SNe 1970G, 1979C, and
1980K (35); however, this phenomenon on its
own is also consistent with an expanding
ionization front shell of emission catching up
with and passing through a preexisting dust shell
and does not prove the presence of newly
forming dust. For SN 1998S, asymmetric line
profiles and near-IR (A < 4.7 pum) excess
emission also point toward dust condensation
in the ejecta (36). In all these cases, the absence
of contemporaneous mid-IR observations pre-
cluded a quantitative estimate of the condensa-
tion efficiency. In light of our quantitative
clumpy-dust analysis, the amounts of dust be-
lieved to have formed in the ejecta of SN 1987A
and 1999em—which were based upon analytical
estimates—are being carefully revisited.

For a progenitor mass for SN 2003gd be-
tween 10 and 12 M, (I8), roughly 0.16 to 0.42
My, of refractory elements are expected to form
if the progenitor had solar metallicity (37). As-
suming dust formation has finished by day 678,
our derived dust mass of 2 x 1072 M, for this
progenitor translates into a condensation effi-
ciency, defined here as (mass of refractory ele-
ments condensed into dust)/(mass of refractory
elements in ejecta), of <0.12 for clumpy dust.
Having found that analytic analyses of optical
and IR observations tend to underestimate the
dust mass by an order of magnitude or more,
we deem it likely that dust formation in core-
collapse SNe is much more efficient than
previously believed. In particular, the efficiency
implied by SN 2003gd is close to the value of
0.2 needed for SNe to account for the dust
content of high-redshift galaxies (/2). As noted
earlier, too few SNe have been followed suf-
ficiently in time and wavelength to establish the
frequency with which SNe form dust. We are
currently addressing this question through con-
tinued, long-term monitoring of a much larger
sample of young, Type II SNe. If dust
formation is found to be common in core-
collapse SNe, then because most dust is ex-
pected to survive later passage through high-
velocity SN shocks (38), we can conclude that

Fig. 4. Light curves of
SN 2003gd, showing
the increase of extinc-
tion with time. B, V,

15

and R light curves of §O
SN 2003gd compiled 2=«
from (18) through day &
493 after outburst, and 3
(21) for day 632, are 9

plotted and offset as
marked. Error bars are
all smaller than the

OR ]
A V+1‘5%SN2003gd_
0B+3 .
* R SN1990E

point markers. For com-
parison, the correspond-
ing light curves of SN

300

400 500
Days after SN

600

1987A (24) are also shown as thick gray lines, and the R-band light curve of SN 1990E is shown as
filled stars. Also plotted in black are the light curves expected from Eq. 1 with (dashed) and without
(dotted) the effective opacity term, as well as the linear fit to SN 1987A from days 450 to 525 (dashed

gray) used by (9).
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core-collapse SNe played an important role in
the production of dust in the early universe.
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Electric Fields at the Active Site of
an Enzyme: Direct Comparison of
Experiment with Theory

lan T. Suydam, Christopher D. Snow, Vijay S. Pande, Steven G. Boxer*®

The electric fields produced in folded proteins influence nearly every aspect of protein function. We
present a vibrational spectroscopy technique that measures changes in electric field at a specific
site of a protein as shifts in frequency (Stark shifts) of a calibrated nitrile vibration. A nitrile-
containing inhibitor is used to deliver a unique probe vibration to the active site of human aldose
reductase, and the response of the nitrile stretch frequency is measured for a series of mutations in
the enzyme active site. These shifts yield quantitative information on electric fields that can be
directly compared with electrostatics calculations. We show that extensive molecular dynamics
simulations and ensemble averaging are required to reproduce the observed changes in field.

he organization of charged and polar

groups in the folded state of proteins

produces large electric fields that influence
nearly every aspect of protein function. Electro-
statics calculations suggest that these fields vary
markedly from site to site in magnitude and
direction (/-3). The consequence of such
variations can be appreciated by considering a
dipolar transition state that separates a unit
charge over a distance of 1 A. If this dipole
were parallel to a field of 10 MV/cm, not
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atypical of fields that are estimated to be present
in proteins, the energy of the transition state
would be lowered by 9.6 kJ/mol; thus, the
magnitude and direction of the field could have
a substantial effect on the rate of reaction. Sim-
ulations on a large number of enzymes support
this hypothesis and have shown that preorga-
nized electric fields in active sites contribute
substantially to transition-state stabilization (4).

Colorful maps of electrostatic potentials are
routinely included in papers describing or
analyzing protein structures and are often used
to speculate on the electrostatic contributions to
a variety of protein functions. However, there
are relatively few experiments that can be used
to test these calculations directly. Common
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benchmarks related to changes in free energies,
such as pK, shifts (where K, is the acid
dissociation constant), redox potential shifts,
or binding constants, depend on a convolution
of factors including electrostatic interactions,
making direct comparisons to calculated poten-
tials difficult. Similarly, electrostatic interac-
tions can contribute substantially to the effect
of mutations on the rates of enzyme-catalyzed
reactions, but it is difficult to isolate their
contribution.

In contrast, spectroscopic observables that
relate directly to electric fields provide a straight-
forward connection to calculated potentials
(5, 6). The vibrational Stark effect, which de-
scribes the effect of an electric field on a molecular
vibration, provides a particularly straightforward
approach. The vibrational Stark tuning rate gives
the sensitivity of a probe vibration to an electric
field and can be calibrated by measuring the
vibrational Stark spectrum in a known external
electric field (7, 8). Once calibrated, a probe vi-
bration acts as a local reporter of its electrostatic
environment; its frequency shifts in response to
changes in nearby amino acids or protonation
states, offering a direct measurement of the
electric field change at specific sites. For many
vibrations, the effect of an electric field on the
stretching frequency is dominated by the projec-
tion of Ditipope, the change in dipole moment
between the ground and excited states of the
probe transition, along the electric field vector
(8-12)

heDngys = _Dﬁpmbe * DF, protein

(1)
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