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ABSTRACT. Earlier work [Bonagura et al. (199®iochemistry 356107] showed that the Ksite found

in the proximal pocket of ascorbate peroxidase (APX) could be engineered into cytoahpmrexidase

(CCP). Binding of K at the engineered site results in a loss in activity and destabilization of the CCP
compound | Trp191 cationic radical owing to long-range electrostatic effects. The engineered CCP mutant
crystal structure has been refined to 1.5 A using data obtained at cryogenic temperatures which provides
a more detailed basis for comparison with the naturally occurrihgité in APX. The characteristic EPR

signal associated with the Trp191 radical becomes

progressively weakeriggtfded, which correlates

well with the loss in enzyme activity as [§is increased. These results coupled with stopped-flow studies
support our earlier conclusions that the loss in activity and EPR signal is due to destabilization of the

Trpl91 cationic radical.

Heme peroxidases catalyze the oxidation of a variety of
substrates at the expense of hydrogen peroxide in the
following multistep reaction cycle:

FE"R+H,0,—~ F€™=0 R +H,0
compound |

FE€'=OR +S— Fe&""=OR +S
compound Il

Fe"'=OR+S—Fe" R+ S +H,0

The enzyme is first oxidized by peroxide to give com-
pound I. One electron is removed from the heme iron to
give the oxyferryl center (F&=0), and a second electron
is removed from an active site group, R, in the above scheme.
Compound | is then reduced back to the resting state by two

Most heme peroxidases oxidize small aromatic molecules.
It is generally accepted that these substrates interact directly
with the exposed-meso heme edge) leading to direct
electron transfer to the porphyrincation radical followed
by a second electron transfer to the*FeO center. While
cytochromec peroxidase (CCP) is very similar in structure
to other heme peroxidases, its specificity toward reduced
cytochromec (ferrocyt ¢) as the reducing substrate has
resulted in the evolution of a significantly different electron-
transfer mechanism. CCP interacts with ferrazigly forming
a specific proteir-protein complex 2, 7). The crystal
structure of the cytochrome—CCP noncovalent complex
(8) shows that the most direct route of electron transfer
involves Trp191. Trp191 is situated perpendicular to and just
beneath the CCP heme, directly adjacent and parallel to the
proximal His heme ligand. The cgt-CCP structure shows

substrate molecules, S, in two successive one-electron-that the cytochrome heme contacts CCP Alal94, which

transfer events. In most heme peroxidasess R porphyrin
ot cation radical {). However, cytochrome peroxidase
(CCP} does not form a porphyrin radical in compound I,

provides the shortest route of electron transfer to the Trp191
radical.

Once the crystal structures of several peroxidases became

but instead forms a stable radical centered on an amino acidavailable, a simple explanation was provided for why CCP

side chain 2). This was later shown to be Trp193, @), an
amino acid residue that is part of the Hist7&Asp235-
Trpl91 proximal triad that helps to regulate the redox
potential of the heme irorbj.
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forms a Trp cation radical while other peroxidases form

porphyrinzz cation radicals. The extracellular peroxidases

do not have a Trp at the same position as Trp191 in CCP,
but instead have either a Phe or an aliphatic residue. It
seemed reasonable to conclude that in CCP the Trpl91
residue forms a more stable radical while the relatively higher
redox potential of Phe precludes oxidation of the Phe and

instead leads to oxidation of the heme porphyrin. However,

the crystal structuredj and subsequent characterization of
Trpl79 in ascorbate peroxidase (APX) proved this view to
be incorrect. Trpl179 in APX is in exactly the same position
as is Trp191 in CCP, yet APX forms a porphyrincation

radical similar to other heme peroxidases. In addition, the
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Trpl79Phe APX mutant shows that the proximal Trp is not FPLC anion exchange step introduced using similar gradient
essential for APX activity 10) while the same mutation in  parameters. After gel filtrationroa 2 L G-75 column, and
CCP leads to a near complete loss in activity)( a heme incorporation step by standard pH shift, CCPK2 was

It thus became clear that in CCP the protein environment 0aded ond a 5 mLHiTrap Q anion exchange column in 50
surrounding Trp191 somehow modulates the reactivity of MM potassium phosphate (KROpH 6.0, using a Pharmacia
radical formation. One possibility is that the protein provides Biotech FPLC. The protein was eluted by stepping the
an electronegative environment designed to stabilize thegradient first to 80 mM then to 130 mM buffer followed by
positive charge that develops on the Trp191 cation radical & linear gradient from 130 mM to 500 mM buffer at pH 6.0.
in compound |. Indeed, it now has been shown that the For CCPK2, the FPLC step was also used prior to heme
Trp191Gly mutant prefers to bind cations at this sit@,(  incorporation to separate any apoprotein from the large
13). The reason that APX does not form a Trp179 radical amount of low-spin holoprotein~40%) produced during
was postulated to be due to two factors. First, as in CCP, expression. After heme incorporation and anion exchange
the local environment also attenuates the electrostaticchromatography, CCP was twice crystallized by dialysis
potential around Trpl79. In the case of APX, the local against Milli-Q water before being stored-a80 °C in H,O.
environment is more electropositive than in CCP, which is CCP concentration was estimated spectrophotometrically
supported by electrostatic potential calculations that we using an extinction coefficiertas nm= 94 mM~* cm™.
reported previouslyl(d) and confirmed by a more sophis-  Steady-State Aciity AssaysFor substrate titration assays,
ticated analysisl). Second, APX, as well as all extracellular  the steady-state oxidation of dithionite-reduced horse heart
peroxidases, has a cation bound at®A from the proximal cytochromec (ferrocytc) was measured at 2Z in a Cary
Trp. This was postulated to destabilize a cationic Trp radical 3E spectrophotometer usin§Esso nm = 19.6 mM* cm L.

in APX via long-range electrostatic effectsgj. In APX, The final reaction conditionsl@) consisted of 18@M H,0,,
the proximal cation binding site is occupied by potassium, and 75 pM WTCCP or 75 nM CCPK2, in 50 mM Tris
while in other peroxidases, the cation is calcium. PQ;, pH 6.0. The initial linear region of the reaction slope

To test the role of the cation binding site in the regulation was recorded and taken as a least-squares fit using Cary
of CCP Trp191 reactivity, the APX cation site was engi- Varian 01.00(6) software running on Windows 95. All data
neered into CCP1d). Characterization of the engineered points reported in this paper reflect the average of at least
CCP proximal cation binding mutant, CCPK2, by X-ray three independent slopes averaged, and were plotted in
crystallography, kinetic analysis, and EPR spectroscopy Sigmaplot 4.0.
showed that potassium does bind to the CCP mutant at the  The following assay conditions were employed to measure
intended engineered site. This mutant was shown to exhibit steady-state activity as a function of cation concentration.
a dramatic decrease in the level of activity, and the ccpk2 was added to 5 mM Tr<PO,, pH 6.0, initially
characteristic EPR signal of the Trp191 radical is greatly containing potassium ion, or other cations, at various
diminished in potassium phosphate buffer. From these concentrations, and then 180 hydrogen peroxide and 40
observations and electrostatic calculations, we concluded that,\ ferrocyt ¢ were added to begin the reaction. FrRO,
the l_Jound cation does destabilize the Trp191 radical asjs 1 M Tris base (Boehringer Mannheim) equilibrated to pH
predicted. 6.0 with ion-free phosphoric acid purchased from Aldrich

Further analysis of the CCP cation mutant presented hereChemicals. Horse heart cytochromécatalog no. 7752) and
has led to the finding that the mutations themselves as well hydrogen peroxide as a 30% w/v stabilized solution were
as the bound cation affect both enzyme activity and the EPR purchased from Sigma Chemicals. Hydrogen peroxide stocks
properties of compound I. This has led to a more extensive were standardized with KMnfusing the method of Fowler
analysis of the CCPK2 cation mutagit various cations,  and Bright @0).
which includes the potassium-dependent behavior of this Spectral Titrations with 1,2-Dimethylimidazolium (DMI).
mutant in single-turnover ar_1d steady—sta_lte kinetic a”aWS‘?szinding assays were performed by difference absorption
and EPR spectroscopy. A higher resolution 1.5 A Cryogenic snactroscopy using a Cary 3E UWisible spectrophotometer
structure of the CCPK2 also enables a more detailed andggt at 20°C. Stock solutionsfal M 1,2-dimethylimidazolium
accurate comparison between the engineered CCP proximatDMD were prepared with 100 mM Bis-tris-propane/MES,
catign binding site with the APX site from which it was pH 6.0. Stock frozen protein solutions of WTCCP and
designed. CCPK2 were prepared in 100 mM Bis-tris-propane/MES,
pH 6.0. An aliquot of the DMI stock solution (10L of 1
MATERIALS AND METHODS M for CCPK2 and 1Q:L of 5 M for WTCCP) was added to

Protein Expression and PurificatiorThe cation mutant the cuvette and allowed to equilibrate with stirring before
used in the present study is designated CCPK2. This mutantthe change in the absorption spectrum was recorded. Dis-
has five amino acid substitutions corresponding to the SOciation constantskg) were determined from Scatchard
proximal cation binding loop in APX. CCPK2 is altered at plots basepi on measuring the difference absorbance at the
the following residue positions: A176T, G192T, A194N, Soret maximum of the heme.

T199D, and G201S as previously reportédd)( Both wild- Stopped-Flow Kinetics Stopped-flow kinetics were
type CCP (WTCCP) and CCPK2 proteins were expressedmeasured at a single wavelength using a Hi-Tech Model SF-
using a T7 promoter iiE. coli BL21 cells induced initially 51 stopped-flow SHU linked to a Hi-Tech SU-40 spectro-
at ODsoo = 0.8 cell density with 75:M IPTG for 4 h. photometer. The output was monitored and recorded on a
Protein was purified as previously described by Fishel et al. Compag PC for kinetic analysis using Hi-Tech 1S-1 software
(17) and Choudhury et al.1g), with the exception of an  suite version 1.0.
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To evaluate the single electron-transfer rate from horse 14 1- Summary of Data Collection Statistics and
heart ferrocytc to the CCP compound |, the following  crystallographic Refinement
reaction conditions were employed. CCPK2 or WTCCP

Summary of Data Collection

compound | at an initial concentration of 4/M was formed no. of unique reflections 64691

by addition of an equal volume of 46M H,0,. Then 2 no. of observations<10) 240248

uM CCP compound | in one syringe was mixed with 1.0 total no. of observations 245706

uM reduced ferrocyt in the other syringe. The buffer used ggmg:ztgﬂgzz’iL“:;g?;iesﬁt(%’) gg'g

was 0.1 M Tris-PQO,, pH 6.0, with or without 5 mM KCI l/o from 1.52 to 1.50 A 207

present. The high ionic strength buffer used slows the Rsyn? 0.056

WTCCP reaction sufficiently to enable the reaction to be unit cell dimensions a=106.72 A

followed on the time-scale of the stopped flogd). Using bf 75.53 A
. o c=51.26 A

this protocol, CCP compound 1 is in 2-fold excess over m _

ferrocyt ¢ so all of substrate electrons are delivered to resolLtion rangeStat'St'Cs for Refinement 1615 A

compound |, which gives monophasic kineti@®); Oxida- no. of reflections used/g > 2.0) 55347

tion of ferrocytc was monitored at 416 nm, an isosbestic Riree 23.4

point for resting CCP ferric and oxyferryl compound 1. Rb("/3) stion of bond lenathe (& 196700
Electron Paramagnetic Resonance SpectroscdpyR e d%gﬂgﬂ of bond :r:g’lzss(ge)g) 1"307 f

spectra were recorded on a Bruker ESP300 spectrometer o of waters added 380

equipped with an Air Products LTR3 liquid helium cryostat —; R PR— — c

at 8.0 K. Experimental conditions used to record the CCPK2 5o, Esgtma‘sft‘;sid“e]wz" R= 2Fo = F/2Fo. “Reee calculated from
Trpl191 cation radical compound | spectra were as follows:
microwave frequency, 9.48 GHz; microwave power, 0.5
mW,; modulation amplitude, 4.57 G; modulation frequency,
1000 kHz; field sweep rate, 11.92 G/s; time constant, 0.0256
ms; receiver gain, 5.@ 10*. The resulting scans were plotted
by Sigma Plot version 4.0. WTCCP and CCPK2 compound
| were formed at OC on ice in quartz EPR tubes (Wilmad
Glass), and after 80 s the samples were frozen in liquid
nitrogen.

Crystallization, X-ray Data Collection, and Structure
RefinementDiffraction-quality crystals were prepared in 30%
2-methyl-2,4-pentanediol, 50 mM KRQoH 6.0, according
to (23) as later modified byZ4). A lower initial concentration
of CCPK2 was used, 2QaM (~6.4 mg/mL), than previously
reported in order to grow smaller 0.2 mm crystals from touch
seeding. This smaller size crystal was necessary for proper
cryogenic freezing and to avoid twinning during crystal
growth. X-ray intensity data were collected from a single
crystal of CCPK2, flash-frozen directly in the,Ntream.
Data were collected at Stanford Synchrotron Radiation
Laboratory (SSRL) beamline 7.01, using a Mar Research
imaging plate (Mar 30). Initial image processing, indexing,
and integration were performed with Denzo version 1.9.1, FiGURe 1: Model of CCPK2 depicting the relationship of the

and the integrated data were scaled using ScalePack versio@”gi”e.e'red proximal cation binding site, Trp191, and the CCP heme.
1.9.0 5) he distal active site arginine is also included.

The room-temperature CCPK2 structure reported previ-
ously (14) was used as the starting model for this refinement.
The unit cell lost 6.4% in volume upon freezing as compared
to room-temperature crystals. The model was placed into the
smaller cryogenic unit cell using 10 cycles of rigid-body
refinement (50.6-2.5 A) as implemented in XPLOR version
3.851 ¢6). TheR-factor at this point was 26%. Next, 5% of
the data were set aside to folloRe. for cross-validation RESULTS
analysis 27). To begin refinement of the model, simulated
annealing starting at 3000K as implemented in XPLOR was ~ Crystal Structure of CCPK2 at 1.5 A Resoluticfhe
used to remove any previous model bias. higher resolution and improved data quality obtained at SSRL

Fo — F. difference maps andR2 — F. electron density = have provided a more accurate description of the engineered
maps were then calculated using this model as input. Thecation site. During the course of refinement, no constraints
model was rebuilt to better fit changes in the difference maps or restraints were used between the ligand and cation in order
using Tom version 3.128). The conventional refinement to provide an unbiased set of ligandation parameters. The
process involved model building and then positional refine- location of the engineered cation site is shown in Figure 1,
ment for 30 cycles followed bi-factor refinement for 10  while Figure 2 presents a close-up view of the engineered

cycles. Alternative conformations were modeled for residue
positions Arg48, Lys123, Arg127, and Argl66, and water
molecules 427 and 768. In addition, 380 new ordered solvent
molecules were added to the molecular model. X-ray
intensity data processing and refinement statistics are sum-
marized in Table 1.



Engineered Cation Site in CytochroméPeroxidase Biochemistry, Vol. 38, No. 17, 199%541

FIGURE 2: Stereoview of the proximal cation binding site of CCPK2 at 1.5 A resolution. The high-resolution structure depicts a more
accurate model of the potassium binding site. The measured distances from this site are reported in Table 2.

70

Table 2: Comparison of Cation to Ligand Distarfces
distance in A 6ol
residue in CCP (APX) CCPK2 APX |
Thrl76 (169) OG1 2.65 2.57 %
Thrl76 (169) G=O 2.62 2.88 -
Thr192 (180) OG1 2.90 2.96 T 401
Asn194 (182) &0 2.76 2.77 @
Asn194 (182) OD1 2.87 2.74 g 3ot
Vall97 (185) G=0 2.72 2.61
Asp199 (187) OD1 3.02 2.99 2
H-bond from Asn194 ND2 (182) 2.92 2.86
to Asp199 OD2 (187) 10F
aNumbers in parentheses corresponding residue in APX. .

011 1 1‘0 1(;0 10l00
site. In addition to the better CCPK2 structure, the APX [K"1 (umol)
structure has been more highly refined using a 1.8 A Ficure 3: Steady-state activity assay of CCPK2 at various
cryogenic data set2@). This enables a more accurate and concentrations of K. Assays were carried out in 5 mM T#$ Oy,
direct comparison of bond distances and bond angles betweeH 6.0, 180uM hydrogen peroxide, and 40M ferrocyt c at the
the CCPK2 and APX proximal cation binding loops, as g\é:llzcgte'\(/ld K concentration. From this curve tlkg is estimated to
shown in Table 2. An omiE, — F. difference map shows He
a 340 positive difference peak, clearly indicating a bound enables Arg48 to directly interact with ligands coordinated
cation. When modeled as *Kwith full occupancy, the  to the heme iron or, in the case of the high-spin ferric
temperature factor refines to 9.452Awhich compares  complex, to an ordered water molecule situated over the iron.
favorably with the 9.6811.75 & range for the seven oxygen Steady-State Kineticén the presence of high concentra-
ligand atoms to the cation. tions of K, the activity for CCPK2 is~1% of WTCCP,
One of the more important new observations that these while in the absence of any added cations the activity is
data have provided is a hydrogen bond between the side chain~10% of WTCCP. This indicates that the mutations them-
amino group on Asnl194 and the peptide carbonyl oxygen selves lead to a 10-fold loss in activity while the addition of
of Asp199 (Figure 2). This critical hydrogen bond was not K™ leads to another 10-fold loss in activity. This provides a
apparent in the lower resolution CCPK2 structure we simple method for estimating th€; for potassium binding
previously reported. This same hydrogen bond also is presentoy measuring activity vs [K]. As shown in Figure 3, a
in APX. It is significant because this bond no doubt imparts typical sigmoid titration curve of turnover versus Kis
some stability to the cation loop, because two mutants we obtained, giving an estimategy of 20 uM.
have constructed that lack this hydrogen bond have a marked The Eadie-Hofstee plots for both WTCCP and CCPK2
decrease in stability (unpublished results). Even more in the absence of K (Figure 4a,b) give very similar and
importantly, this hydrogen bond helps to orient the carbonyl expected biphasic kinetics which have been attributed to two
oxygen of the Asn194 side chain to point toward and become binding sites for ferrocytc (34). The two K, values for
a ligand to the cation. WTCCP are 3.6 and 29,/M to be compared with 1.1 and
The current model also shows a number of interesting 20.6uM for CCPK2. Moreover, the transition point between
alternative side-chain conformations that reveal greater detailthe two slopes occurs neau® ferrocytc for both WTCCP
about function. In particular, Arg48, a residue in the distal and CCPK2. To the extent thkt, values can be correlated
pocket involved in the formation and stabilization of with true dissociation constants, these similarities indicate
compound I, is obviously in two positions we have termed that the interaction between ferroayand CCP is similar in
“in” and “out’. The outconformation is the same as the room both WTCCP and CCPK2. Nevertheless, because the kinetics
temperature 1.7 A structure of CCBQ{ while the in of CCP are complex, it is useful to have a nonkinetic estimate
conformation is similar to what is found in compoundBIL( on the interaction between CCP and cytWe therefore
32) and the fluoride complex3@). The in conformation utilized an affinity chromatography metho85) to estimate
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Table 3: Rate of Oxidation of Ferrocgtby CCP Compound?|

compound | Kobs (571) measured at 416 nm

WTCCP

WTCCP+ KCI
CCPK2 7.49
CCPK2+ KClI 0.92

aA 2-fold excess of either CCPK2 or WTCCP compound | was
mixed with an equal volume of ferrocygtin a stopped flow and the
rate of ferrocytc oxidation measured at 416 nm.

80.88
78.06

absence of K is 9.3% of the rate obtained for WTCCP and
drops to 1.1% when Kis added. There is no effect of'’K
addition on the WTCCP activity under these conditions.
These results correlate well with the steady-state kinetic
observations and demonstrate that electron transfer from
ferrocytc is lowered in CCPK2 both with and without the
addition of potassium. However, the lower electron-transfer
rate upon addition of K clearly demonstrates the potassium-
dependent behavior of CCPK2.

EPR Spectroscopyf the addition of K is diminishing
the stability of the Trp191 cation radical as postulated by
long-range electrostatic effects, then the EPR signal of
compound | should be titratable with the addition of cations.
The EPR spectra of CCPK2 compound Igat 2.01—-2.04
are shown Figure 5a as a function of increasing amounts of
potassium. It is clear that the EPR signal grows progressively
weaker as [K] increasesThe close parallel in the loss of
activity and the diminishing EPR signal supports our earlier
conclusions that activity loss is due to an electrostatic effect
which destabilizes the Trp191 cation radical in the presence
of bound potassium.

Figure 5b illustrates the effects that 10 mM LiCl, NacCl,
CsCl, and CaGlhave on the CCPK2 Trp radical intensity,
as compared to the intensity of CCPK2 recorded in the
presence of K. There is moderate ion selectivity that
correlates with ionic radius. For example, the smallest ion,
Lit, and the largest, Cs have minimal effects on the EPR
the relative affinity of WTCCP and CCPK2 for cyt signal while the closest homologue to"KNa*, is nearly
immobilized on a chromatographic support. In this method, but not quite as effective asK Such moderate specificity
CCP is chromatographed over a column to which yeast cytis not unexpected since the CCP cation site was engineered
cis covalently attached to the chromatographic resin via an to specifically mimic the APX K site. Also shown are the
S—S bond. CCP binds to the immobilized ayat low ionic high concentration end point effects of Na.i*, Cs", and
strength and then is eluted at increasing salt concentrationsCz* ions in steady-state activity assay. The obvious trend
CCPK2 began to elute at 50 mM phosphate buffer, pH 6.0, with these several cations tested is that the activity, like the
while WTCCP did not elute from the column untit100 EPR signal, also is dependent on the cation ionic radius. The
mM. Therefore, CCPK2 has a weaker affinity for cythan only inconsistency is the ability of Cdo reduce activity to
does WTCCP. a greater extent than it reduces the EPR signal.

Stopped-Flow KineticsTo determine which steps in the Cause of Actiity Loss in the Absence of ' KThe results
catalytic cycle are impaired in CCPK2, rate constants for presented here and in our earlier wotkl) support the view
the elementary steps were determined using stopped-flowthat the binding of K causes an electrostatic destabilization
spectroscopy. We have already determined the rate ofof the Trp191 cation radical, resulting in a corresponding
compound | formation to be 1.8 10’ s™* for CCPK2, which loss in activity. The reason the mutations alone lead to a
is very close to the value of 3.& 10’ st for WTCCP large drop in activity and the compound | EPR Trp191 signal
compound | formation X4). This demonstrates that the remains problematicThe affinity chromatography results
catalytic machinery required for compound | formation indicate that CCPK2 does not bind as well to aytas
functions normally in CCPK2. We next determined the rate WTCCP which could explain, in part, the loss in electron-
of ferrocyt ¢ oxidation by compound I. In these single- transfer function. It nevertheless is clear that the mutations
turnover experiments, CCP compound | is in 2-fold excess themselves have somehow altered the stability of the Trp191
over ferrocytc. Under these conditions, each molecule of radical.

CCP will react with one molecule of ferrocyt leading to Recent work by Cao et al.36) provides a possible
the one-electron reduction of compound2P). As shown explanation These authors have shown that CCP exists in
in Table 3, the oxidation of ferrocyt in CCPK2 in the an “open” and “closed” conformation and that the two forms

Ficure 4: Eadie-Hofstee plots of WTCCP and CCPK2 steady-
state turnover of horse heart ferrocytAssays were carried out in

5 mM Tris—PQ,, pH 6.0, 18Q«M hydrogen peroxide, and varying

concentrations of ferrocyt The straight lines were obtained from
linear regression fits to the data.
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is approximately 10-fold weaker than for WTCCP which correlates
with the 10-fold lower activity. The numbers in parentheses in panel

b are the percentage of steady-state activity remaining after addition

of a 10 mM aliquot of the indicated cation. With the exception of
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Ficure 6: Binding of DMI to CCPK2 and WTCCP. A typical
spectral titration curve for CCPK2 is shown. For CCPK2, about
30 min between addition of of DMI was required to achieve
equilibrium while for WTCCP hours were required. Scatchard plots
(inset) were used to determine the dissociation constégtity
utilizing the difference absorbancAAbs) at 408 nm. The fraction
of DMI bound, [DMlI]y, was determined by extrapolatingA¥os
vs 1/[DMI]; to infinite [DMI] assuming one binding sitelg).

et al. 36), while WTCCP was quite stable to the addition
of DMI. The estimatedy based on double-reciprocal plots
is 73.1 mM for CCPK2 and 172.4 mM for WTCCP.
Consistent with the results of Cao et aB6), the rate of
DMI binding is extremely slow. For WTCCP, hours were
required to achieve equilibrium between additions of DMI
while only 30 min was required for CCPK2. These results
are consistent with the following scheme proposed by Cao
et al. 36):

L
400

L :
300 350

closed= open*D—ﬂ— open-DMI

It is clear that the mutations alone in CCPK2 result in a

CsCl, there is a correlation between loss in EPR signal and loss indestabilization of the Trp191 pocket such that Trp191 can

activity.

are in equilibrium. The closed form has Trp191 in its native

more readily adopt the “open” conformation near the surface.
This is very likely the source of activity loss and decrease
in the EPR signal of CCPK2 without added"KFurther

position observed in the crystal structures while in the open addition of K" to the “closed” conformation in CCPK2 is

form, Trp191 moves=10 A to the molecular surface owing

the source of the additional loss in activity due to electrostatic

to a large movement of the surface loop consisting of residuesdestabilization of the Trp191 cationic radical.

190-195. Moreover, these authors have found that in the
open conformation the now void Trpl91 site can bind

DISCUSSION

imidazole cations. This further provided a convenient spectral  The excellent correlation between K the compound |

method for followlng the two _conformaftlonal_states of EPR signal, and enzyme activity further supports our earlier
Trp191 since the binding of 1,2-dimethylimidazolium (DMI)  yiew that the cation site modulates the reactivity of the
to the Trp191 site in the open conformation results in an Trp191 cation radical. The source of this modulation is
easily detectable spectral shift to a low-spin signal. In these electrostatic destabilization of the positive charge on the

studies, it was necessary to mutate Phe202 to Gly to Trp191 cation radical owing to the presence of thiedtion

sufficiently destabilize the Trp191 loop such that the “open”
conformation could be crystallized and its structure deter-
mined @6). Since the mutations required to form the cation
site in CCPK2 involve the same loop responsible for the
open/close equilibrium described by Cao et 36)(residues
190-195), we reasoned that the 19095 segment might
be less stable in CCPK2 than in WTCCP. If so, then DMI
should bind in the Trp191 pocket more readily in the CCPK2
mutant than in WTCCP. As shown in Figure 6, this is
precisely what is found. The CCPK2 mutant could be readily
titrated with DMI very similar to what was observed by Cao

~8 A from the Trp. In our earlier work, we utilized
electrostatic calculations to obtain a qualitative picture which
indicated that the local electrostatic potential around Trp191
in CCPK2 is more positive than in WTCCP. That the
electrostatic potential controls the reactivity of Trp191 now
has received further support by more sophisticated calcula-
tions comparing CCP with APX16).

The steady-state kinetic analysis and stopped-flow studies
indicate that it is reduction in the electron-transfer rate that
is responsible for the loss in activity and further support the
essential role that Trp191 plays in both the first and second
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electron-transfer steps. There is a longstanding debate orarge differences in activityt cations, giving a sensitive
whether CCP has one or two electron-transfer sites, onecation sensor and a cation-controlled molecular switch.
which leads to reduction of the Trp191 radical and the second

which leads to reduction of the £e=0 center. There is litle ~ ACKNOWLEDGMENT

doubt that CCP has at least wo sites for bindinge{87, We thank C. S. Raman for his valuable assistance in

38), but this does not necessarily mean there are two sitesperforming the EPR experiment and for his useful advice
of electron transfer. Studies where covalent tethering of cyt and criique. C.A.B. thanks Dr. David Mandelman for his

c to CCP using engineered sites designed to produce a~ .~ " T .
covalent complex that mimics the noncovalent complex continuing work on APX and the insight he has provided

observed in the crystal structur@) @re relevant to the one- and Joumana Jamal for her verification of some of the data

or two-site models. The covalent complex can undergo rapid presented here.
intramolecular electron transfer but is inactive toward exo-
genous ferrocyt at physiological ionic strengtf89) which
shows that the site required for interaction with cyhas 1. Dolphin, D., Forman, A., Borg, D. C., Fajer, J., and Felton,
been blocked in the covalent complex. This supports the view R. H. (1971)Proc. Natl. Acad. Sci. U.S.A. 6814-618.

that there is one physiologically important site of electron 2. Yonetani, T. (1976) iThe EnzymefBoyer, B., Ed.) pp 345

transfer as well as the following overall CCP electron-transfer 361, Academic Press, Orlando, FL.
process 21): 3. Sivaraja, M., Goodin, D. B., Smith, M., and Hoffman, B. M.

(1989) Science 245738-740.
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