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We report methodology which combines recently developed
ielectric resonator-based, rapid-mix, stopped-flow EPR (appro-
riate for small, aqueous, lossy samples) with rapid scanning of
he external (Zeeman) magnetic field where the scanning is pre-
rogrammed to occur at selected times after the start of flow. This
ethodology gave spectroscopic information complementary to

hat obtained by stopped-flow EPR at single fields, and with low
eactant usage, it yielded more graphic insight into the time
volution of radical and spin-labeled species. We first used the
scorbyl radical as a test system where rapid scans triggered after
ow was stopped provided “snapshots” of simultaneously evolving
nd interacting radical species. We monitored ascorbyl radical
opulations either as brought on by biologically damaging per-
xynitrite oxidant or as chemically and kinetically interacting with
spectroscopically overlapping nitroxide radical. In a different

iophysical application, where a spin-label lineshape reflected rap-
dly changing molecular dynamics of folding spin-labeled protein,
apid scan spectra were taken during flow with different flow rates
nd correspondingly different times after the mixing-induced in-
eption of protein folding. This flow/rapid scan method is a means
or monitoring early immobilization of the spin probe in the course
f the folding process. © 1999 Academic Press

Key Words: rapid scan stopped-flow EPR.

INTRODUCTION

Rapid, homogeneous mixing of two reactants then follo
y flow or stopped-flow methods is a primary technique
etermine the mechanism and rate of chemical reactions. W
aramagnetic species form, decay, or change, rapid-mix
nd stopped-flow methods combined with EPR provide d
inetic measurement of their chemistry. Technical details
ewly developed, nonstandard stopped-flow system base
mall high sensitivity dielectric resonator (DR) were descr
n Ref. (1). This structure, having a nearby rapid mixer
uid flow system with low dead volume, was then applied
ollow the kinetic folding/unfolding of spin-labeled yeast is

1 To whom correspondence should be addressed. Fax: 518-442
-mail: cps14@cnsvax.albany.edu.
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-cytochromec (2). The kinetic behavior was conventiona
onitored at one field position in the EPR spectrum. W
ptical spectroscopy, considerably more kinetic informatio
nown to be accessed with a rapid wavelength scan of e
pectra. Similarly, with EPR spectroscopy considerably m
inetic information on paramagnetic species that inte
volve, and spectroscopically overlap can be accessed
apid field scanning. After flow was stopped, rapid-fie
canned EPR traces, where the time scale for scanning
onsiderably less than the time scale of the kinetics, sho
verall kinetic behavior for radical build-up and decay. Si
he DR has high sensitivity and freedom from flow a
topped-flow artifacts (1, 3), rapid field scanned spectra we
btained with good signal-to-noise and low reactant u
uring flow. With such rapid scan during flow we obser
pecies that have evolved only for a time equal to the dead
f the apparatus.

EXPERIMENTAL

Technical description. The dielectric resonator-bas
topped-flow system has been previously reported (1). A genera
cheme of our stopped-flow EPR system with modification
apid scan is shown in the block diagram of Fig. 1. The Model
yringe ram controller from Update Instrument, Inc. (Madis
I), provided a synchronizing start pulse for the syringe d

am and provided programmable flow rates and flow times. W
e were monitoring EPR amplitude at a single magnetic fi
uch a pulse would also directly trigger the data collection sy
perating with Scientific Software Services Systems (Bloom

on, IL) EW 2.41A software. When a rapid field scan occurrin
definite time after start of flow was additionally to be used

ynchronizing pulse from the syringe drive controller trigger
elay circuit which in turn triggered the rapid scan unit fi
weep. The source of the triggerable rapid scan field swee
he Bruker rapid scan unit (Bruker ER-420). The field swee
amp from the rapid scan unit was routed to a home-built r
can amplifier and thence to fast sweep coils positioned in th

62.
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138 SIENKIEWICZ ET AL.
ap of the electromagnet. The rapid scan amplifier was previ
eveloped for pulse field-sweep EPR (4, 5), a cryogenic hole
urning EPR technique, unrelated to these ambient tempe
inetic studies. We found it useful for minimal ramp distortion
onnect the fast sweep coils to the power amplifier by a shie
wisted pair cable instead of a regular coaxial cable. With this
weep unit we generated a linear field sweep up to 60 G in w
ver a period of 0.1 s. (Narrower field sweeps could be gene

FIG. 1. Block diagram of the stopped-flow EPR system modified for t
ly

ure

ed
ld
th
ed

ver a shorter time.) Spectra from rapid field sweeps were
ected by a Tracor 570 signal averager and subsequently sto

PC computer that was equipped with an IBM DAC card. D
imes were estimated from the known flow rate and 8-mL dead
olume between the mixer and center of the resonator and
rmed experimentally from the rapid destruction of the spin p
EMPOL (4-hydroxy-2,2,6,6,-tetramethyl-1-piperidinyloxy)
odium dithionite reductant.

ered, synchronized rapid field scan and for subsequent rapid scan data c
rigg
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139RAPID SCAN FLOW AND STOPPED-FLOW EPR
Materials. Peroxynitrite was prepared from sodium nit
nd hydrogen peroxide in a quenched flow reactor, as previ
escribed (6) with minor modifications; excess hydrogen perox
as removed by treatment with granular MnO2. The final solution
as kept frozen at278°C, from which peroxynitrite solution
ere prepared to the desired concentration by dilution in 0
aOH and analyzed by absorbance at 302 nm (e 5 1670 M21

m21) (7). All the solutions were prepared using glass-dist
ater and reagents. The buffer solutions used in the experi
ith peroxynitrite were also pretreated with Chelex-100 a
recaution against transition metal ion contamination.L-Ascorbic
cid and TEMPOL (Sigma) were dissolved in the suitable bu
t the desired concentrations. Yeast iso-1-cytochromec spin-

abeled at the naturally occurring cysteine102 sulfur with the cys
eine-specific spin-label methanethiosulfonate (MTSSL) spi
el was prepared as in Ref. (2).

RESULTS AND DISCUSSION

Rapid scan applied to build-up and decay of radic
scorbic acid (Vitamin C) can lead to time-evolving radi
ystems either directly in the form of the ascorbyl radical it
Asc•2) or indirectly by causing reduction and decay of ot
adicals. The EPR signal of the ascorbyl radical signal pre
onsiderable hyperfine detail whose resolution represe
ractical test of EPR signal-to-noise, especially when ca
ut with rapid scan and a small instrumental time constant
tructure of the oxygen-centered ascorbyl radical is show
cheme 1. It has a two-line EPR signal centered atg 5 2.0052
ue to its large 1.7 G coupling with the C4 proton and c
lings to C5 and C6 protons that are an order of magn
maller than 1.7 G (8).

Ascorbyl Radical

SCHEME 1
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Ascorbate itself can act as a reductant for other obser
adicals, notably the common spin probe TEMPOL.
EMPOL signal is a three-line signal with splitting of;17.2 G

hat reflects the hyperfine interaction with theI 5 1 14N of the
itroxyl group. The presence of Asc•2 causes destruction of t
EMPOL, and the Asc•2 and TEMPOL signals spectrosco
ally overlap but decay at different rates. The presence o
scorbate causes loss of the TEMPOL signal, and the pre
f the TEMPOL increases the rate of Asc•2 decay as wel
hen Asc•2 is present, its features overlap the central fea

f TEMPOL. The feasibility of recording whole EPR spec
n a time scale that is shorter than the overall kinetics
emonstrated using Asc•2 and TEMPOL. The field-swept spe

ra in Fig. 2, triggered at different times after the start of fl
nd each lasting 100 ms, graphically show the behavio
imultaneously evolving TEMPOL and Asc•2 species. The firs
pectrum 2A, where Asc•2 was present in only a small amou
as taken during flow when the dead time between mixing
bservation was 15 ms. Asc•2 built up to its maximum shortl
fter flow was stopped, as shown by Spectrum 2B initiate
s after flow was stopped, and Asc•2 was still evident in
pectrum 2D initiated 925 ms after flow was stopped.
EMPOL signal had totally disappeared within 1 s after flow
as stopped. The TEMPOL/Asc•2 system provided a simp

est for the stopped flow/rapid scan procedure in reso
verlapping radical species having different, though pos
elated, kinetic behavior. We note that a previous report
topped-flow/flow system based on a different type of s
esonant structure, the loop–gap resonator developed
ational Biomedical ESR Center (9), showed a scanned spe

rum of TEMPOL/Asc•2 obtained by signal averaging duri
ow but not the detailed compendia of changing spectra w
ccurred after flow stopped.
Ascorbate is a reductant which protects against biologi

amaging oxidants. Two such notable oxidants of recent i
st are peroxynitrite (ONOO2) and its acidic form, peroxyn

rous acid (ONOOH) (10). Peroxynitrite is formed in cells b
he reaction of nitric oxide (NO) and superoxide (O2

•2) (11).
he acidic form is more reactive (12) and can be mainl
esponsible for the cytotoxicity attributed to peroxynitrite. T
eduction of the peroxynitrite itself as brought on by ascor
as been monitored by near-UV spectroscopy (13), and this
eport prepares the methodological groundwork for a com
tive study of the peroxynitrite and Asc•2 kinetics. At pH 7.4

he decay time for peroxynitrous acid in the absence of a
ate reductant itself is;1 s (6). The kinetic trace of Fig. 3
btained on the low field derivative EPR feature of As•2,
hows the corresponding kinetic increase and decay of A•2

rought on by peroxynitrite oxidation. There was a rapid in
uild-up of Asc•2 radical to its maximal concentration in

ime of about 0.2 s after flow was stopped that was
ollowed by a decay of Asc•2 that stretched over;2 s. This
atter decay was well fit to a first-order exponential and no

second-order dismutation as has been proposed for de
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140 SIENKIEWICZ ET AL.
he ascorbyl radical (14). A single 0.1-s rapid field scan tra
Inset A of Fig. 3) was acquired at the maximal Asc•2 con-
entration. This trace, swept over 10 G, was taken with s
iently small modulation of 0.3 G peak-to-peak, 0.1 ms t
onstant, and sufficient signal-to-noise that there was evid
or structure finer than that of the largest 1.7-G splitting (8) of
sc•2. The concentration of the Asc•2 in Fig. 3, Inset A wa
19 mM. Inset B of Fig. 3 shows the Asc•2 signal as obtaine
y rapid field scan during flow and estimated at;8 mM in
oncentration. To produce an individual rapid scan trac
sc•2, less than a 30-mL volume of each reactant was use

FIG. 2. This figure shows the time evolution of the partially overlapp
sc•2 and TEMPOL radicals through a compendium of rapid scan EPR sp

aken at different delays after the syringe drive and the mixing were st
ollowing the mixing of 400mM TEMPOL and 0.5 M ascorbate (pH 10), t
EMPOL radical was reduced and its three-line EPR spectrum elimi
hile the Asc•2 radical, occurring in the center of the spectrum, built up
ecayed. Each rapid scan trace was taken with a 60-G field sweep in 0.1
agnetic field modulation was 0.5 G peak-to-peak, the instrumental

onstant was 0.1 ms, and each trace was from one accumulation. The
ave power was 2 mW, EPR frequencyne 5 9.62 GHz. The traces we

ecorded as follows: (A) during flow for which the dead time was 15 ms
5 ms after flow was stopped; (C) 625 ms after flow was stopped; (D) 92
fter flow was stopped; and (E) 1825 ms after flow was stopped.
-
e
ce

n

Rapid scan method to follow early folding of spin-labe
rotein. In our folding study on yeast iso-1-cytochromec
pin-labeled at cysteine102, a significant fraction (;60%) of
efolding occurred during the;8-ms dead time between m
ng and subsequent observation within the DR (2). There is
uestion in the literature whether cytochromec refolding oc-
urring in less than 20 ms is due to the formation of tert
nteractions (localized within a subdomain such as a pro
-terminal helix where our spin-label is found (15)) or due to

ncipient global molecular collapse (16). A goal of the flow-
apid scan method will be to document the kinetics of im
ilization and to document immobilization from the linesh
f the incipiently refolding protein.
The refolding was initiated by rapid mixing and dilution

uanidinium-denatured protein with buffer. We wanted m
ffectively to characterize the early folding forms of our sp

abeled proteins. Such characterization is better carried o
bserving the overall rapid scanned EPR spectrum during
here we monitor the EPR spectrum of partially refol
rotein within milliseconds after refolding is initiated. W

tra
d.

d

the
e
ro-

)
s

FIG. 3. The overall, single-field kinetic trace in this figure shows the t
volution of the Asc•2 signal as influenced by peroxynitrite oxidant. T
ingle-field kinetic trace resulted from 1:1 mixing 200 mM ONOO2 with 0.5

ascorbate at pH 9 and was taken on the low field derivative of the A•2

ignal. Solutions were bubbled with He for;5 min before each experiment
rocedure which led to deaeration and which also prevented the format
ubbles in storage syringes. The field modulation was 0.3 G peak-to
icrowave power was 2 mW, EPR frequencyne 5 9.62 GHz, and th

nstrumental time constant for the kinetic trace taken at a single field was
nset (A) was from one rapid scan trace taken with a 0.1-s field sweep st
t the indicated maximal point on the kinetic trace, and Inset (B) was from
apid scan trace taken during flow for which the dead time was 15 ms. Fo
f the rapid field scan insets the time constant was 0.1 ms, the field modu
as 0.3 G peak-to-peak, microwave power was 2 mW, and EPR frequene

9.62 GHz.



v am
m ly
a en
t an

w ped-
fl Fig.
4 (60-G
r fore
fl .0-
a n
l t the
f arper,
m spec-
t -ms
d d
a tely
2 lded
f
s ectra
w of
f ective
t and
0 the
m was
;

Fund,
a f this
r epart-
m for
p ere
p aria
S d by
tan

r Th
u Na
a ium
h tra
a itiat
b as
i me
o wa
; d a
r s)
s ated
A sca
w ow
w gly
r d w
a aft
f sca
T ac
m y
m

141RAPID SCAN FLOW AND STOPPED-FLOW EPR
aried the dead time of observation by varying the progr
able flow rate. In Fig. 4A we first compare the slow
ccumulated (not rapid scanned) spectra from protein d

ured by guanidinium chloride and from refolded protein,

FIG. 4. (A) provides a comparison of the EPR spectra of unfolded
efolded protein taken with standard slow scans of 1-min duration.
nfolded protein was in 1.4 M guanidinium hydrochloride and 0.1 M
cetate buffer, pH 5.0; the refolded protein was in 0.70 M guanidin
ydrochloride and 0.1 M Na acetate buffer, pH 5.0. The transient kinetic
t a single field was taken at the central derivative extremum and was in
y rapid mixing (dead time; 12.8 ms) of 0.2 mM denatured spin-labeled ye

so-1-cytochromec in 1.4 M guanidinium hydrochloride with an equal volu
f 0.1 M Na acetate buffer, pH 5.0. The height of this kinetic transient
40% of the overall static difference in peak height between denature

efolded protein. (B) shows rapid scanned EPR spectra (60 G/0.1
pin-labeled protein obtained at different times after refolding was initi
ll spectra were normalized with respect to the number of scans; rapid
ere of 100-ms duration, time constant 0.5 ms, 60-G width; microwave p
as 2 mW; EPR frequencyne 5 9.62 GHz. The spectra of the increasin

enatured proteins with dead times of 4.0 and 12.8 ms were each obtaine
n accumulation of 4 rapid scans. The spectrum of the protein long

olding was completed and flow was stopped was obtained with 16 rapid
he spectrum of denatured protein was taken before mixing and is the
ulation of 16 scans; it has been multiplied by1

2 since it was not diluted b
ixing. The temperature was 6.5°C.
-

a-
d

e show the transient change in signal induced by stop
ow-induced refolding as monitored at the central peak. In
B we compare signal-averaged rapid scanned spectra
apid scans of 100 ms duration) from unfolded protein be
ow started, from partially refolded protein obtained with 4
nd 12.8-ms dead timesduring flow,and from refolded protei

ong after flow was stopped. The spectrum obtained a
aster flow rate and shorter 4.0-ms dead time showed sh
ore intense derivative EPR features than those of the

rum obtained with the slower flow rate and longer 12.8
ead time because the protein had;8 ms less time to refol
nd to enfold the probe subsequent to mixing. Approxima
0% of the signal change between unfolded and refo

orms had occurred within 4.0 ms, whereas;50% of the
ignal change had occurred within 12.8 ms. The sp
ith 4.0- and 12.8-ms dead times each consisted

our separate signal-averaged scans where the resp
otal consumptions of spin-labeled protein were 0.84
.26 mL. For doing these measurements, including
ultiple-scan signal averaging, the total sample usage
5 mg of protein.
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