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Abstract: To characterize the electrostatic complex formed between myoglobin (Mb) and cytochy ¢Rabs), we

have performed flash photolysis triplet-quenching and electron-transfer (ET) measurements of the interaction between
Zn deuteroporphyrin (ZnD)-substituted Mb (sperm whale) (ZnDMb) aniok(Bgpsin-solubilized, bovine) at pH

values between 6 and 7.5. For pH values between pH 6 and pH 7.5, the quenching rate cakytarids linearly

with [Fe*Ths]. The slope K1) obtained from plots ofAk versus [Fé&"bs] is strongly dependent on pHA = 140 x

1M islatpH6andV =2.4x 10°M~1slat pH 7.5). The triplet decay profiles remain exponential throughout
these titrations. Together, these results indicate that the association constant obeys the ineguaB9O& M1

and that the lower limit for the rate constant for dissociation off& complex of Koff)min = 10f st at pH 6 and

(kof)min = 10* s71 at pH 7.5. Transient absorption measurements have shown that this quenchzimddtb by

Fe*"bs can be attributed to intracompléXnD — Fe3*P ET and that the transient absorbance changes observed at
the 3D/D isosbestic points represent the time evolution of theéA~), [ZnD™Mb, Fe&'hs] intermediate,l. The
long-time behavior of the progress curves=(t20 ms) collected during a titration of #dos by ZnDMb (reverse

titration protocol) is neither purely second-order nor purely first-order but rather resembles a mixed-order process
involving both the DTA™) complex and its dissociated components. Modeling this data indicates thbt e

complex product must dissociate with a rate constant slower than that of the pre@Asa@omplex. Theoretical

studies of the protein pair by Brownian dynamics simulations show that Mb has a broad reactive surface which
encompasses the “hemisphere” that includes the exposed heme edge. The most stable complexes dacigr when
bound at one of two subdomains within this hemisphere. The kinetics measurements and calculations taken together
allow us to discuss the relative importance of global and local electrostatics in regulating pprtagin recognition

and reactivity.

Introduction protein—protein comple%® between F&"Mb and Féths, but

the mechanism of electron transfer (ET) between these physi-
ological partners has not been investigated in detail. Protein
protein complexes often adopt multiple conformational states
in solution?~17 Therefore, a full kinetic mechanism for electron
transfer must incorporate details of the dynamics of conforma-
tional interconversion within the complex as well as of the actual
intracomplex ET event.

Ferrous myoglobin (PFéMb), a heme-protein found in
skeletal and heart muscle tissues, functions in the transport of
oxygen to the mitochondria and in short-term oxygen stofage.
Under physiological conditions, both oxyMb and deoxyMb can
be oxidized to the inactive metMb (Favib).* It has been
suggested that EeMb is maintained at low levels by a reductase
system in which cytochromies; (bs) is the final electron donor

to FEéMb .56 (7) Stayton, P. S.; Fisher, M. T.; Sligar, S. & Biol. Chem1988 263
13544-13548.
3+ + + 3+ (8) Livingston, D. J.; McLachlan, S. J.; La Mar, G. N.; Brown, W.D.
FE'Mb + F& by — F&"Mb + Fe*' b, (1) Biol. Chem.1985 260, 15699-15707.

(9) Hoffman, B. M.; Ratner, M. A.; Wallin, S. A. InAdvances in

. . . . ... Chemistry SeriesJohnson, M. K., King, R. B., Kurtz, D. M., Jr., Kutal,
This reaction appears to involve the formation of a specific ¢, Norton, M. L., Scott, R. A., Eds.; American Chemical Society:

Washington, D.C., 1990; pp 12946.

T Northwestern University. (10) Zhou, J. S.; Ko&t, N. M. J. Am. Chem. S0d.993 115 10796~
* University of British Columbia. 10804.
® Abstract published if\dvance ACS Abstract$ebruary 1, 1997. (11) Nocek, J. M.; Stemp, E. D. A,; Finnegan, M. G.; Koshy, T. |;
(1) Livingstone, D. J.; LaMar, G. N.; Brown, W. [Bciencel983 220, Johnson, M. K.; Margoliash, E.; Mauk, A. G.; Smith, M.; Hoffman, B. M.
71-73. J. Am. Chem. So0d.99], 113 6822-6831.
(2) Wittenberg, J. BPhysiol. Re. 1970 50, 559-636. (12) Moser, C. C.; Dutton, P. LBiochemistry1988 27, 2450-2461.
(3) Hemoglobin and Myoglobin in Their Reactions with Ligands (13) Willie, A.; Stayton, P. S.; Sligar, S. G.; Durham, B.; Millett, F.
Antonini, E., Brunori, M., Eds.; North Holland Publishing Co.: Amsterdam, Biochemistryl992 31, 7237-7242.
1971. (14) McLendon, G.; Pardue, K.; Bak, B. Am. Chem. S0d.987, 109
(4) Brantley, R. E., Jr.; Smerdon, S. J.; Wilkinson, A. J.; Singleton, E. 7540-7541.
W.; Olson, J. SJ. Biol. Chem.1993 268 6995-7010. (15) Mauk, M. R.; Mauk, A. G.; Weber, P. C.; Matthew, J. B.
(5) Hickson, R. C.; Rosenkoetter, M. AAm. J. Physiol.1981, 241, Biochemistry1986 25, 7085-7091.
C140-C144. (16) Mauk, A. G.Struct. Bondingl991, 75, 131-157.
(6) Hagler, L.; Coppes, R. I., Jr.; Herman, R. H.Biol. Chem.1979 (17) Everest, A. M.; Wallin, S. A.; Stemp, E. D. A.; Nocek, J. M.; Mauk,
254, 6505-6514. A. G.; Hoffman, B. M.J. Am. Chem. S0d.99], 113 4337-4338.
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To characterize the electrostatic complex formed between Mb and C-terminal sequences from the lipase form and expressed in the

and bs, we have used flash photolysis to study both triplet-

same system used to express the lipase-solubilized prdteihe

and Féx(trypsin-solubilized, bovine) at pH values between 6 that of the trypsin-solubilizedbs isolated from bovine livet?22® The

and 7.5. The Zn porphyrin in ZnDMb, which is a structural
analogue of the heme in Pavib, has a long-lived triplet excited
state £ZnD) that is a strong reducing agéftt® Intracomplex
8ZnDED) — Fe*"P(A) ET quenching (eq 2) is studied

[*ZnDMb, F€"b,]

*DA
by monitoring the3ZnDMb/ZnDMb transient absorbance dif-
ference. The [ZnDMb, Fe&bs] charge-transfer intermediate

(I returns to the initial state by intracomplex electron transfer
from Fetbs to ZnD"Mb (eq 3),

— [ZnD"Mb, F€" by )
|

[ZnDMb, F€ by
DA

[ZnD*Mb, F&*h,] — (3)
|

and is studied by monitoring the transient absorbance change
at the 3ZnDMb/ZnDMb isosbestic points. The kinetic time-

kinetics obtained with the recombinant protein were identical to those
obtained with the hepatic protein.

Zinc-protomyoglobin (ZnPMb) was prepared from sperm whale
myoglobin (Sigma Chemical Co., Type Il) as described previotfsly.
A similar procedure was used to prepare zinc-deuteromyoglobin
(ZnDMb). Apomyoglobin (apoMb), prepared using the method of
Teale?>was dialyzed at 4C agains4 L of 0.6 mMNaHCGQ; containing
1 mM NaEDTA and then twice agaibg L of 0.6 mMMNaHCG;. The
final concentration of apoMb was-0.4 mM (e50 = 15.4 mM?
cm™1).2627 ZnDP (Porphyrin Products, Logan, UT) was dissolved in a
minimal volume of 0.1 M NaOH in the absence of light, centrifuged
to remove any insoluble material, and diluted with water to give a 10
mM NaOH solution. All subsequent procedures were carried out in
the absence of light at4C. A 1.5-fold molar excess of the porphyrin
stock solution was added dropwise with gentle stirring to apoMb at
~4 °C. Reconstitution was usually complete witti h asmonitored
by a red shift of the Soret band. The protein solution was adjusted
from pH ~ 8 to pH 7.5 with 0.1 M HCI and concentrated by

Qltrafiltration (Amicon Centriprep-10) to a volume of 10 mL. To

remove excess ZnDP, the protein solution was loaded onto a 1.5-cm

courses for the ET intermediates obtained with the reverse x 30-cm gel filtration column (Sephadex G-25, Sigma) equilibrated

titration protocol indicate the occurrence of intracomplex rather
than Stera-Volmer quenching and illustrate a new strategy for

characterizing low-affinity, highly reactive ET complexes. Our

results for the [ZnDMb, Has] complex further show that the

with 25 mM potassium phosphate (KPi) buffer (pH 6.0), and ZnDMb
was eluted with the equilibrating buffer.

ZnDMb was further purified by HPLC (Waters 650). The recon-
stitution mixture ¢100 mg in 20 mL) was loaded onto a TSK-based

ET cycle of egs 2 and 3 cannot be described by a simple kinetic cation-exchange column (Beckman, 21.5 mm x 15 cm, SP-5PW) that

mechanism in which the complex adopts a single binding
conformation. Measurements of the timecourse for the ET
guenching reaction, eq 2, show that fift’A complex and, by
inference, thédDA complex is kinetically labile, with a dissocia-
tion rate constant df,(°DA) = ko(DA) > 10* s 1 and a low

had been pre-equilibrated with 25 mM KPi buffer at pH 6 (buffer A).
Several minor components accounting forZ®% of the total sample
mixture eluted within a 90-min linear gradient in which the mobile
phase (a mixture of buffer A and 25 mMKPQ,) was pumped through
the column at 5 mL/min. The major protein component was subse-
quently eluted by further increasing the pH with 25 mMRQ,. The

association constant. However, the charge transfer intermediateabsorbance was monitored at 280, 414, and 575 nm (Waters 490 D
I, is less labile, providing evidence of ET-linked changes at multichannel detector). Both the minor component that elutes near 54
the protein-protein interface. A minimum of three kinetic  min and the major band (Figure 1) were collected. Despite the large
phases is needed to describe the full set of progress curves oflifference in pl between these two components, we find that they have

I, at least two of which aréntracomplex. This implies that
the [ZnD*Mb, Fe#"bs] complex exhibits at least two kinetically
distinct conformations with different ET rates for return to the

DA ground state and that they interconvert at rates that compete

with ET. It further appears that the conformer produced by
photoinitiated ET is the most reactive and that it converts to
one or more forms with progressively lower ET reactivities and
decreased upper bounds on the rates of dissociation.

As a first step toward understanding the structural basis of
interfacial recognition between Mb anls we have used
Brownian dynamics simulatiodsto generate encounter com-

plex(es) at several pH values. These calculations show that Mb

has a broad reactive surface which encompasses the

“hemi-

identical lifetimes and react similarly withs. The protein fractions
were concentrated by ultrafiltration, and purified ZnDMR, & As1d

Azgo =15) was stored in liquid nitrogen.

Protein stock solutions for kinetic measurements were exchanged
into working buffer prior to the experiment using Centricon-10
microconcentrators (Amicon). Samples for kinetic measurements were
prepared in the dark under a nitrogen atmosphere and contained 2 mL
of nitrogen-purged 10 mM KPi buffer, 10 mM D-glucose, 1A&/mL
glucose oxidase (Sigma, type X-S frokspergillus nigey, and 30ug/

mL thymol-free catalase from bovine liver (Sigma) to assure anaero-
bicity.?8 Typical Mb concentrations for normal titrations were in the
range of -5 uM (eg14= 364.1 mM*cm).2° For the normal titration
experiments, aliquots of a 0:2.0 mM stock solution of F&bs (€413

117 mMt cmr )% were added to the ZnDMb solution with a gastight
syringe under a nitrogen blanket using Schlenk techniques. For reverse

sphere” that includes the. exposed heme edge. The mOSt_Stabl‘ﬁtrations, aliquots of a 0:21.0 mM ZnDMb stock solution were added
complexes occur whebs is bound at one of two subdomains 5 5 sojution containing 2630 M Fe*bs. Protein stock solutions
within this hemisphere. The kinetics measurements and cal-\yere deaerated by gentle purging with. NOptical spectra were
culations taken together allow us to discuss the relative obtained with a Hewlett-Packard 8451A diode array spectrophotometer.
importance of global and local electrostatics in regulating
protein—protein recognition and reactivity.

(21) Funk, W. D.; Lo, T. P.; Mauk, M. R.; Brayer, G. D.; MacGillivray,
R. T. A;; Mauk, A. G.Biochemistry199Q 29, 5500-5508.

(22) Cristiano, R. J.; Steggles, A. Wucl. Acids Res1989 17, 799.

(23) Reid, L. S.; Mauk, A. GJ. Am. Chem. S0d.982 104, 841-845.

(24) Zemel, H.; Hoffman, B. MJ. Am. Chem. So0d.981 103 1192-
1201.

(25) Teale, F. W. JBiochim. Biophys. Actd959 35, 543.

(26) Stryer, L.J. Mol. Biol. 1965 13, 482-495.

(27) LaMar, G. N.; Toi, H.; Krishnamoorthi, R. Am. Chem. S04984
106, 6395-6400.

(28) Stankovich, M. T.; Schopfer, L. M.; Massey, ¥/.Biol. Chem1978
253 4971-4979.

(29) Luchi, J.; Hoffman, B. M. Unpublished results from ICP experi-
ments.

(30) Ozols, J.; Strittmatter, B. Biol. Chem.1964 239, 1018-1023.

Experimental Procedures

Protein Preparation. Recombinant bovine tryptic cytochronie
(bs) was expressed in and isolated fr@ncoli. The gene coding for
the tryptic form of the protein had been constructed by deletion of N-

(18) Magner, E.; McLendon, G.. Phys. Chem1989 93, 7130-7134.

(19) Natan, M. J.; Kuila, D.; Baxter, W. W.; King, B. C.; Hawkridge, F.
M.; Hoffman, B. M.J. Am. Chem. Sod.990 112 4081-4082.

(20) Northrup, S. H.; Thomasson, K. A.; Miller, C. M.; Barker, P. D.;
Eltis, L. D.; Guillemette, J. G.; Inglis, S. C.; Mauk, A. Giochemistry
1993 32, 6613-6623.
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Figure 1. HPLC chromatograms for ZnDMb and ¥&b. Samples In these simulations, the models representing the two proteins were
were loaded on a Beckman SP-5PW (2.15 gnl5.0 cm) cation- those derived from X-ray crystallographic analyses. Specifically, the

exchange column equilibrated with 25 mM KPi buffer (pH 6). Proteins ~ coordinates of trypsin-solubilized Fes were generated from those
were eluted with a two-step procedure. In the first step, a 90-min linear of lipase-solubilized bovine livelos® by deleting the coordinates for

pH gradient (right-hand axis) was generated by mixing 25 RO, the N- and C-terminal residues absent from the trypsin-solubilized
(buffer B) with the starting buffer at a flow rate of 5 mL/min. In the ~ protein. The coordinates of sperm whale*Réb3® were used to
second step, 25 mM #0, was pumped through the column. represent the structure of Zn-substituted Mb. Both sets of coordinates

were obtained from the Brookhaven Protein Datab¥nK.he pro-
tonation state of each titratable group was assigned through use of the

Data Collection and Processing.Photoexcitation was achieved with h .
Tanford-Kirkwood procedure as modified by Matthew and co-workers.

a Nd:YAG pulsed laser (Continuum, YG660A, 7 nsec pulse width,

= 532 nm). The incident power was varied using a tunable polarizer

(CVI Laser Corp.) and measured using a Scientech Model 372 power Results

meter. For most experiments, the power was adjusted to achieve over Spectral Properties. As electron transfer between ZnMb

80% photolysis. The apparatus initially used for transient absofgtion and Fés is studied here by monitoring the color changes

has a transient digitizer that collects data records of 2000 data pomts'associated with the ET cycle of eqs 2 and 3, we begin by

As the progress curves folencompass nearly three orders of magnitude describing the optical spectra of ZnMb abglin th,eir various

in time, we collected data in paired segments on short and long .

timescale. These were merged into a single file so that the full progress redox Statqs. _The absorption spectra of ZnPM_b and Zn_DMb

curve could be fit. More recent data were acquired with a LeCroy aré shown inFigure 2. The spectrum of ZnDMb is blue-shifted

Model 9310 digitizer. Because the LeCroy digitizer can accumulate '€lative to that of ZnPMb, with maxima at 428, 554, and 596

50 000 data points, the entire timecourse was collected in a single nm for ZnPMb and 414, 542, and 580 nm for ZnDMb. Neither

segment. To maintain maximal resolution at early times without losing protein shows a spectral shift with pH, indicating that the zinc

resolution at long times, data were logarithmically compressed to a ion remains five-coordinate within the pH range studied in this

data record of 500 pretrigger points an@000 data points. Foreach  paper, with the fifth ligand being His 93. The absorption spectra

laser flash, we acquired both a baseline signal and the transient signal ¢ bs, as reported earliéf, have maxima at 412 and 532 nm

By subtracting the baseline signal from the data signal we can reliably P

measureAA = £+ 2 x 1074 OD even at Iong-timests(—' 1 s) where the fS(:;EZe;)r?((de;)zoetg Sst[z)i;it?;]ifezg,Hs-iand:;:nﬁi?]tnm for the reduced
< , .

transient signal is generally quite smaig < 10°° OD). Flash excitation of ZnMbDB) producesZnMb. The lifetime

In the initial phase of this work, kinetic parameters were estimated f the sinal . f adand i
by comparing experimental timecourses to those simulated with the O the singlet staté is a few nanosecofdgnd intersystem

GEAR software packag@3? This program does not iteratively fit data, ~ Crossing to produc&nMb (3D) is highly efficient @ > 0.80).

and thus parameters were adjusted manually and simulations wereAS our apparatus can only detect processes having rate constants

repeated until the resultant simulated timecourse gave a satisfactory<1CP s~1, only the triplet state contributes to our measurements.

reproduction of the experimental data. Subsequently, we used versionFigure 3 shows thg¢3D — D} difference spectra for ZnPMb

3.4 of the SCoP prograthwhich can both simulate and iteratively fit and ZnDMb measured as the zero-time absorbance difference

data curves, to numerically integrate the kinetic differential equations fg|lowing flash photolysis. Among the salient features of the

for the mechanisms under investigation. - S ZnPMb spectrum are the characteristic bleaching of the Soret
Brownian Dynamics Simulations. Brownian dynamics simulations absorbance A max = 428 nm) and the positive absorbance

of the encounter complex(es) formed byand Mb were performed N
with the program BDTIRM as described by Northrup etabith an changes between 437 and 547 nirfofex ~ 466 nm). The

SGI Indy 2 R5000SC workstation. The reaction conditions assumed  (35) Durley, R. C. E.; Mathews, F. 8cta Crystallogr.1996 D52, 65—
76

(31) Wallin, S. A.; Stemp, E. D. A.; Everest, A. M.; Nocek, J. M.; Netzel, (36) Phillips, S. E. V.; Schoenborn, B. Rature 1981, 292 81—-82.
T. L.; Hoffman, B. M.J. Am. Chem. S0d.991, 113 1842-1844. (37) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F. J,;
(32) The GEAR program is available from Project Seraphim, Department Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi].M.
of Chemistry, University of Wisconsin (Madison), 1101 University Avenue, Mol. Biol. 1977 112, 535-542.

Madison, WI 53706. (38) Matthew, J. B.; Gurd, F. R. N.; Garcia-Moreno, B. E.; Flanagan,
(33) Stabler, R. N.; Chesick, J. ;t. J. Chem. Kinetic4978 10, 461— M. A.; March, K. L.; Shire, S. JCrit. Rev. Biochemistryl1985 18, 91—
469. 197.

(34) SCoP is available from Simulation Resources, Inc. in Berrien Spring,  (39) Leonard, J. J.; Yonetani, T.; Callis, J. Biochemistry1974 13,
MI. 1460-1464.
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Figure 3. Difference spectra for Zn-substituted myoglobins and
cytochromebs. Upper panel:{3D — D} kinetic difference spectra for
ZnPMb ©) and ZnDMb @). Lower panel: Simulated static difference
spectrum of the ET intermediate(—), generated by combining the
[FE¢'bs — Fe**hg] difference spectrum-(-) and the [ZnDMb —
ZnDMDb] difference spectrum— —). The latter was approximated by
shifting the3D — D spectrum @ in the upper panel) by 2 nm. The
kinetic difference spectrum 6f(®) was obtained from the time-resolved
transient absorbance signakat 65 ms.Conditions:10 mM KPi, pH
7.0, 20°C.

spectrum of ZnDMb is blue-shifted relative to that of ZnPMb,
with A max ~ 442 nm andl~max = 412 nm. The wavelength
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Figure 4. Triplet decay curves for the titration of ZnDMb with s

at pH 7.5 (A-D) and for the endpoint of titrations at pH 7.0 (E), pH
6.5 (F), and pH 6.0 (G). Traces were fit with an exponential decay
function. (A—D), [ZnDMb] = 2.26uM. (A) Without Fe*bs (kp = 50
sY); (B) [Fe*bs] = 3.02uM (kops= 58 s7%); (C) [F€¥hs] = 8.91uM
T o, (Fo ) 11,9, (h - 190 5 (B) ZNOWE)

= 1.68 uM, [Fe**bs] = 11.9uM (kops = 190 s%); (F) [ZnDMb] =
2.23uM, [Fe**bs] = 20.9uM (kops = 571 s'1); and (G) [ZnDMb]=
2.59uM, [Fe**bs] = 17.3uM (kops = 2990 s?!). Conditions:10 mM

KPi buffer, 20°C, 475 nm.

(D*) is not stable long enough to acquire its static spectrum.
Instead, we approximated the ZnMlb — ZnDMb ab-
sorbance difference by blue-shifting tBBnDMb — ZnDMb

where the absorbance difference is maximal (412 nm) is not kinetic difference spectrum (Figure 3). This spectrum was

optimal for monitoring®D decay because of interference from
the {I — 3DA} absorbance difference (see below); instead we
monitor the decay o$ZnDMb at 475 nm, where the — DA
absorbance difference is negligible relative to $9e— D and
SDA — DA absorbance difference.

The [(ZnMb)*, Fehs] electron-transfer intermediat) that
forms upon flash photolysis of the [ZnMb, ¥és] complex

combined with the [F&bs — Fe**hs] difference spectrum to
predict the stati§! — DA} difference spectrum shown in Figure
3. This predicted spectrum is dominated by the2ffee —
Fe*ths] difference in the absorbance range 5480 nm, and
by the [ZnD'"Mb — ZnDMb] difference in the 606700 nm
range.

Triplet Quenching and Binding Estimates. In the absence

can be studied by monitoring transient-absorption changes. Theof bs, ZnDMb decays to its ground state (Figure 4) with a rate
| — DA difference spectrum is the sum of the difference spectra constantkp = 52 + 5 s, that is slightly less than that for

for the reduction of F&bs and the accompanying oxidation of
ZnDMb: {I — DA} = [ZnD*Mb, F&'bs] — [ZnDMb, F&**by]

= [Fe?*bs — Feths] + [ZnD™Mb — ZnDMb]. The Fé'hs —
Fe*tbs absorbance difference spectrum is shown in Figure 3.
The optimal wavelengths for obtaining the full kinetic profile
associated withl are the3D/D isosbestic points. As the
isosbestic points for the reduction o (438 and 544 nm) are
within 2 nm of the isosbestic points for thé&ZznPMb— ZnPMG}
difference spectrum, it is difficult to monitor changes in the
redox state obs immediately after flash excitation of ZnPMb.
However, the absorption spectrum of ZnDMb shifts relative to
that of ZnPMb in both the ground stat®)(and the triplet state
(®D). As a result, théD/D isosbestic points for th&ZnDMb/

3ZnPMb kp = 70 s71).24 The decay profile is exponential for

at least 3 half-lives, ankb is independent of pH. Addition of
Fe#tbs does not quenchZnDMb (data not shown), whereas
addition of Fé'bs gives quenching. Figure 4 shows the triplet
decay curves acquired at 475 nm at several stages during a
titration of ZnDMb with Fé"bs at pH 7.5 (10 mM KPi buffer)

and those for the final points of titrations at pH 6.0, 6.5, and
7.0. The decay profiles remain exponential throughout all the
titrations. At pH 7.5, the observed decay rate constkgt)(
increases minimally, frorkp = 52 s71 (in the absence dfs) to

kobs = 80 s1 at the final point, where [Febs]/[ZnDMb] =

6.5. The quenching increases dramatically as the pH is lowered,
with kops = 190, 571, and 299073 at the final points of the

ZnDMb transient-absorbance difference shift from 437 and 547 titrations at pH values of 7.0, 6.5, and 6.0. Figure 5 is a plot
nm for ZnPMb, to 421 and 562 nm, which places the isosbestic Of Ak = kobs - ko oObtained during the normal titrations of

points for ZnDMb near the wavelength maxima for {fie?+bs
— Fe*"hs} difference spectrum (424 and 556 nm). Unlike the
sr-cation radical forms of Zn-substituted cytochrome c peroxi-
dasé? and Zn-substituted horseradish peroxiddsgnD*Mb

(40) Liang, N. Ph.D. Dissertation, Northwestern University, Evanston,
IL, 1988

(41) Kaneko, Y.; Tamura, M.; Yamazaki, Biochemistry198Q 19,
5795-5799.

ZnDMb with F&tbs in 10 mM KPi buffer at pH values of 6.0,
6.25, 6.5, 7.0, and 7.5. At all pH valuesk increases linearly
upon addition of F&bs.

We have also measured the triplet quenching rate constant
during a reverse titration in which aliquots of ZnDMb were
added to a solution containing a fixed concentration &f'be
such that the concentration of ¥&s was always in excess
relative to the concentration of ZnDMb. Throughout this
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Scheme 1
3
ZnDMb Fe¥b,
‘ K,
° ZnD'Mb
kb
Fe’b,
ZnDMb
Scheme 2
(JD) (kon)DA (JDA)
‘ZnDMb + Fe*'b, <—  ['ZnDMb, Fe*'b,] K,
(koﬂ)DA
i ko l ko [ZnD*Mb, Fe*'b ]
() = (D'A)
ZnDMb + Fe*'b; < -  [ZnDMb, Fe* by
© @ (DA)

solid lines are fits to eq 6 as described in the text using the parametersat pH 7. In this experimenizk was nearly constant for AM

given in Table 1. Inset: pH dependence of the slopédy ¢btained
from these titration curve€onditions:[ZnDMb] ~ 1-3 uM, 10 mM
KPi buffer, 20°C.
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Figure 6. Progress curves for the ET intermediate generated during
the reverse titration of Féebs with aliquots of ZnDMb. Inset: Triplet
guenching as a function of [ZnDMbTonditions 10 mM KPi buffer,

pH 7, 20°C; [Fé**hs] = 24.5uM; [ZnDMb] = 0, 0.74, 1.5, 3.0, 4.4,
5.9, 8.0, and 10.&M, from bottom to top (upper) or top to bottom
(lower).

< [ZnDMb] < 10 uM.

The linearity of the normal titrations (Figure 5) and the nearly
zero slope of the inverse titration (Figure 6, inset) are consistent
with the simple collisional, SteraVolmer quenching mecha-
nism illustrated in Scheme 1, which does not require the
existence of aZznDMb, Féths] complex. However, the linear
titration plots also are consistent with a kinetic model (Scheme
2) involving a dynamic equilibrium between théZhDMb,
Fe*Ths] complex €DA) and its unbound component¥(and
A) in the limit where R)/Kp = Ka [A] < 1, whereKp andKa
are the dissociation and association constants. Although the
triplet quenching data does not require the inclusion of a bound
complex, we explore the dynamic equilibrium mechanism to
determine limiting values for the association constant and
because consideration of the kinetic behavior of the intermediate
formed by quenching (see below) requires the existence of a
pre-formed®DA complex.

Scheme 2 leads to exponential triplet decays when the
exchange between the complex and its components iskigst (
> kp + k). In this case, the observed decay constant is the
weighted average of the rate constants3arand3DA decay

Kops = kp 1 Ak
=Ko + Ky f (4)

Here, Ak = k; f is the observed quenching rate consté&pis
the intracomplex quenching rate constant, grile fraction of
3ZnDMb that resides in théDA complex at equilibrium, is
described by eq 5

Ko+ D+ A — /(Kp + D +AY — 4 (D) (A)
f= S )

whereD is the total concentration of ZnDMIA is the total
concentration of Febs added, andKp is the dissociation
constant. In the limit whereAl/Kp = Ka[A] << 1, egs 4 and
5 reduce to

Ak = kKA[Fe*"bg] = M[Fe*"bg] (6)

The solid lines in Figure 5 are fits to eq 6 for the experimental

experiment, the triplet decay traces were exponential for at leastdata. The slopeM = Kakg) obtained from such plots ofk

three half-lives. The inset to Figure 6 shows the triplet
quenching rate constanAk) obtained for the reverse titration

versus [Fé'bs]ia (Table 1 and Figure 5, inset) increases sharply
with decreasing pH, going from 24 1®* M~ st at pH 7.5
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Table 1. Parameters Describing the Formation of tfénDMb,
Fetths] Complex

pH MP M~ s™) (ka)min® (s7%) (kot)min’ (s7)
6.0 140 4.6x 10° 1x 10°
6.25 41 1.4x 10° 2x 10°
6.5 25 8.2x 10° 1x 10°
7.0 11 3.6x 10° 5x 10¢
7.5 2.4 7.9x 102 1x 10

a10 mM KPi, 20°C. Values ofM have uncertainty of=10%.° M
= k¢Ka (eq 6).¢ Obtained fromM using a)max = 3000 M in eq 6
(see text)d Determined by simulating the kinetic progress curves as
discussed in text.

to 140 x 106 M1 st at pH 6.0. The increase in the slope
with lowered pH reflects an increase in the affinity constant,
the quenching rate constant, or some combination of these. To
establish an upper limit fdka and a corresponding lower limit
for ky, we input a range of values fd€, into eqs 4 and 5 to
generate a series of titration curves. The maximum allowable
binding constant for a titrationKx)max and the corresponding
minimum quenching constantkgimin, are those where the
simulation does not exhibit noticeably more curvature than the
experimental titration curve. As the experimental titrations at
each pH involve roughly the same concentratioof 2 uM

and the same range of concentrations Agrthe absence of
significant curvature at any pH leads to the linkijma—= 3000
ML The kg)min calculated usingKa)max = 3000 M1 and

the measured values dfl increases roughly 60-fold with
decreasing pH, going from 790%at pH 7.5 to 4.6x 10*s!

at pH 6.

From the Ka)maxand &g)min given in Table 1, it is possible
to use the observation of exponential decay curves for the total
triplet population (D] + [3DA]) to obtain a more precise lower
limit of the dissociation rate constant féDA, (Koff)min, than
the intuitive oneko > kops FOr each pH, we used Scheme 2
to simulate the triplet decay traces as a functiorkgf the
minimum value ofky for which the simulated decay traces
remain exponential, kii)min, are given in Table 1. The
minimum dissociation rate constants estimated in this fashion
increase fromKyg)min ~ 10* s~ at pH 7.5 to~10F st at pH 6.

For a reverse titration, the slope of a titration plot is a measure
of the association constant, while the intercdgy) i dependent
on M, Ka, and A]lo. When both the slope and the intercep
can be measured, it is possible to determine Gthand the
intracomplex ET rate constankg. Although the reverse
titration gives a precise value for the intercel € 135 s9),
the slope for the reverse experiment shown in Figure 6 is too
small to be reliably measured.

We further considered whether more reliable estimaté&of
andky can be obtained by combining the parameters from the
two titration experiments. The association constant can be
obtained with eq 7

t

M 1

ko [A]

where Q] is the concentration of the quencher $Fs) in the
reverse titrationky is the intercept obtained from a reverse
titration, andM is the slope obtained from a normal titration.
UsingM = 8.8 (2)uM~1 s 1 andky = 135 (10) s for [A] =
24.5uM in eq 7 givesKa ranging from 6100 M to 4.6 x 10*
M~1, which is quite consistent with thé<f)max = 3000 M1
we estimated from the normal titration.

Charge-Separated Intermediate. The kinetic behavior of
the intermediatelj formed through quenching ZnDMb by
Fe**bs was examined during the course of normal and reverse

K= @)
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titrations. Figure 6 shows the transient-absorbance changes for
| at the 562 nnPD/D isosbestic point obtained during the pH

7 reverse titration of Febs with ZnDMb, and Figure 7 shows

the transient signals for the normal titration of ZnDMb with
Fe’Ths, at pH 7.5.

These signals persist aff@nDMb has disappeared, and thus
the full time-resolved absorbance-difference spectrurh éould
be collected at long-times. A representative plofd{{(z = 65
ms) versus wavelength is shown in Figure 3 for 520 Arh <
620 nm. The kinetic difference spectrum obtained in this way
agrees well with the simulatdd — DA} difference spectrum,
which is predominantly associated with the reduction of'be
In addition, the transient difference spectrum measured at 50
ms shows a maximum near 670 nm, as expected for'Zin
and it has the same kinetic behavior as seen at wavelengths
dominated by F&bs reduction. Thus, the redox-related ab-
sorbance changes associated with ZNMb and F&'hs are
kinetically correlated?

Although it is not possible to examine the full wavelength
dependence of this transient fox 5/kqps Without interference
from the{3D — D} absorbance difference, the full timecourse
of the transient is observable#3/D isosbestic points (Figures
6 and 7). The absorbance changes at both the 421 and 562 nm
3D/D isosbestic points are positive, with the magnitude at the
former being nearly six times greater than the latter (data not
shown). Both observations are consistent with the expected
difference spectrum of the ET intermediate (Figure 3). Thus,
the quenching o$ZnDMb by Fé+ths is indeed associated with
the3ZnDMb — Fe*"bs ET process (eq 2) and the return to the
ground state with eq 3.

Kinetic Model (Scheme 3) for I. The triplet quenching data
is consistent with either the collisional Sterdolmer mecha-
nism (Scheme 1) or with Scheme 2 in the rapid-exchange limit
whereKa < 3000 M1 andkq > 10* s71. If triplet quenching
occurs by this limit of Scheme and if theDTA~ product is
also weakly bound and kinetically labjlthen the products that
persist after the complete decay &nDMb are unbound
ZnD™Mb and Fé&"hs, and the decay of the ET transient signal
must be second-order at long times. If, instead, triplet quenching
occurs by a SteraVolmer mechanism without formation of a
precursor complex, then thenly products are the unbound
protein components (ZnMb and Fé"hs), and again the long-
time decay of the ET transient signal must necessarily be second-
order.

To test these predictions, we examined the long-time behavior
(t = 5/kong Of the progress curves of the ET intermediate during
the course of a normal titration and a reverse titration. Figures
6 and 7 show the transient absorbance signald folotained
during the pH 7 reverse titration and the pH 7.5 normal titration,
respectively. In the normal titration, the amplitude of the
transient signal increases monotonically upon addition &fléze

(42) Alternative mechanisms involving a third redox center (R) on either
ZnDMb (eq 8) or Fbs (eq 9)

[(ZnD'R)Mb, (F€")b;] = [(ZnDR")Mb, (F&*")b] (8)

[(ZnD")Mb, (FE'R)bs] = [(ZnD)Mb, (FE'R*)by] (9)

with appropriate dissociation steps for either would require that one or more
of the kinetic phases is spectroscopically different from the others, and thus
there would be differences in the kinetic behavior seen at wavelengths that
are dominated by redox changes involving the hemies 640 nm to 580
nm) and those involving ZnDMbi(> 600 nm). However, as we noted in
the text, the absorbance changes at wavelengths associated with ZnDMb
are kinetically correlated with those at wavelengths associatedbgith

(43) Northrup, S. H.; Reynolds, J. C. L.; Miller, C. M.; Forrest, K. J.;
Boles, J. 0J. Am. Chem. S0d.986 108 8162-8170.

(44) Stemp, E. D. A.; Hoffman, B. MBiochemistryl993 32, 10848
10865.
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As a first step toward making this conclusion more quantita-
tive, we consider aninimalmechanism that includes dynamic
complex formation and intracomplex ET for both the forward
0 200 400 and reverse reactions as embodied in the combination of Scheme
3 with Scheme 2. In this mechanism, tlREA~ complex
produced by the photoinitiated ET reaction can return to the
ground state by intracomplex & — ZnD" ET (rate constant
kp) or it can dissociateks) into its components, ZntMb and
Feths, in a competing process. Subsequent second-order
recombination of ZnDMb and Fé&"bs (kon) completes the ET
cycle. As the experiments are performed under conditions
where the concentration of Pdos far exceeds the concentrations
of all other species, in particular that of#bs, the mechanism
further incorporates association of ¥bs and ZnD'Mb. In
Time (msec) principle, this might be important because if Zh@b is

Figure 7. Absorbance transients generated by photoinitiated ET during sequesteref 'n_ the eIectron-trgnsfer inert [ZMD" Fé+b5]

the normal titration of ZnDMb (pH 7.5) with Fébs on short (Lower complex D*A) it cannot react with Fbs, and, therefore, the
panel) and long (Upper panel) time scales. Inset: Transient signals "eturn of the electron transfer intermediate to the ground state
plotted on a logarithmic time scale to emphasize the early-time data. complex is inhibited.

To compensate for differences in the triplet yield during the titration, By appropriate selection of the kinetic parameters in Scheme
we have referenced the absorbance cha_\nges to the zero-time yield 0B the pehavior of the kinetic progress curves generated with
tr;\ale;éMan&ys ?rm)' S:G; ?f;d%o”;"“‘?”;[zanMb]“"a' f:Fib'?(-s this model can be made to vary from purely first-order, through
?B)’[Féinbs] _ '5.9%;;/";'0((:) '[F’eﬁbsl'i %.Iglluill)a; (Sls;(flfeg+b5] > mixed-order, to purely second-.order. In the upper panel of
11.8uM; (E) [Fe*hs] =14.6 uM: (F) [Fe*by] =18.1 M and (G) Figure 8, we present three simulated progress curves that
[Fe*'bs) = 21.5uM. illustrate how the kinetic parameters can be varied so as to

achieve this progression. The concentrations of reactants are
those of one point in the middle of a reverse titration, that having
R=[A]/[D] =5, and the simulations are “normalized” to\&
~ 2500 at 150 ms, so that each progress curve for the ET
transient persists over roughly the same time interval as the
experimental data (Figure 6). The parameters that are critical
for determining the kinetic behavior of the simulations are the
association rate constari,f), the total decay rate constant for
the DTA~ complex & = ky + ko), and the fractional yield of
ssociated ET productf = ko/Z). The resulting parameter

as does the quenching rate constant. BecAusghanges during

a normal titration, the shape of the ET transient curve must also
change during a titration. Thus, shape changes arising from
concentration-dependent, second-order contributions to the
thermal back ET reaction are not easily detected without a full
mechanistic analysis of the progress curves. In contidsts
essentially invariant during a reverse titration (Figure 6, inset),
and, thus, any systematic shape changes can only be associat

with the thermal back ET reaction. We therefore focus our geq for each of the three regimes were then used to model the

attention on the analysis of the reverse titration. full reverse titration in which the donor concentration was varied
If the timecourse of thé&~ — D™ back reaction were second-  20-fold fromR = 25 toR = 1.25.

order fort > 5/kops a plot of 1AA vs. time would be linear The charge recombination reaction is calculated to be second-

and the data taken during a reverse titration would give a set of order in the rapid-exchange limit, where neither fHRA

lines having identical slopes. The experimental plots &AL/ complex nor thd*A~ complex is present in detectable amounts

vs. time obtained during the pH 7 reverse titration are shown pecause both complexes are weakly bound and kinetically labile.

in Figure 6. In fact, the experimental progress curves diverge This limit is achieved only wheR& > k, > kopsandkon is large.

at long times during the reverse titration. These observations Figure 8A uses one combination of parameters that satisfies

are inconsistent with the prediction for a second-order reaction the experimental normalization constraint ofAZ/ = 2500 at

and require instead that part of the?Fass — ZnD*Mb ET 150 ms:kon=45x 1BM1s1 =5 x 1P s7!, andfoxs =

reaction occurs by a first-order process within EngA~ product 0.8. The straight line calculated for the time dependence of

complex. Given that the product of the photoinitiated ET 1/AAis substantially different from the experimental results for

reaction is thd*A~ complex, it follows that this reaction occurs  the R = 5/1 point in the reverse titration (Figure 6).

within a3DA precursor complex. Thus, triplet quenching does  The opposing, intracomplex limit, where the progress curves

not occur by a collisional, SterrfVolmer mechanism but instead ~ show first-order kinetic behavior at long times, occurs when

occurs by the rapid-exchange limit of Scheme 2. ET within the kinetically labile3DA complex produces an
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the three regimes of Scheme 3. The result far 5/kqpsis a
suite of parallel lines, as expected for a second-order process,
and this is at variance with the experimental reverse-titration
traces (Figure 6) which diverge at long times. The progress
curves calculated for the intracomplex limit (Figure 8C) are
clearly nonlinear but with similar curvature throughout the
titration and again differ from the experimental progress curves.
When parameters are chosen so that the kinetics are mixed-
order, and the progress curves include contributions from both
recombinations of the dissociated components ahd from

the undissociated ™A~ complex (Figure 8B), the resulting
simulations reproduce the general trends in the experimental
data; the simulations, like the experimental progress curves,
diverge during the course of a reverse titration. Whereas the
SDA complex is kinetically labile, dissociating in times of
1/kobs We conclude that at least some fraction of the charge-
separated intermediate that is produced3by— A ET is
kinetically stable for times > 1/kqps

Short-Time Behavior. The parameters required to model
the long-time data fot requireX < kgps in Which case the
scheme requires that the transient signal appear with a rate
constant ofky,ps However, careful examination of the short-
time behavior of shows the rise rate is much greater thag
with kise ~ 1C® s71, in which case even Scheme 3 cannot
rigorously describe the data. A minimal mechanism required

0 100 200 by this result must incorporate two conformers lof one
Time (msec) associated with the rapid riséa] and the second £) being
Figure 8. Simulated kinetic progress curves for the ET intermediate _the one W_hose Iong-tlmg_propertles have been the_ fc_)g:us of these
in the three limiting cases of Scheme 3. Upper paiiet [A]/[D] = investigations. The initial product of the photoinitiated ET
5. The simulations have been normalized tAA/~ 2500 at 150 ms, ~ Would bel A, and the rise rate constant would be the return ET
so that each transient persists over roughly the same time interval asfate, plus the rate of the i I conformational interconversion,
the experimental data in Figure 6. Lower Panel: Simulated reverse plus the dissociation rate constant far With = = kjsex10°
titrations for the second-order limit (A), the mixed-order limit (B), and s71,
the intracomplex, first-order limit (CConditions [A]o = 25uM; [D]o Brownian D ; ; ;
- 0 ynamics Simulations. The encounter com-
ge:}a, ti.x5t, 5.0, 10.0, and 20M (top to bottom).Kinetic parameters plexes formed by PéMb and Fé*bs at pH 6.0 and 7.5 were
' simulated by calculation of 10 000 Brownian dynamics docking
intermediate that, in contrast, does not dissociate during the trajectories as described above. The results of the simulations
lifetime of the ET intermediatel,. This behavior is achieved &t PH 6.0 are summarized in Figure 9 in which the successful
with Scheme 3 by settinkg,s = 0. The resultis a simple kinetic trajectories are represented by the structure of Mb surrounded
cycle wherd is formed according to Scheme 2 and returns to PY Points that represent the centers of mass of interacting
the DA state by intracomplex — DA ET. In this case, the =~ Molecules obs. Figure 9A presents a “side” view of the surface
transient absorbance signals would rise with the larger of the Where the points are projected onto a slice through the plane of
Fe*bs — ZnD*Mb thermal ET rate constarkd) and the triplet e heme; Figure 9B presents a “front” view of the encounter
decay constankgs,9 and subsequently disappear with the smaller Surface showing the surface of Mb where the edge of the heme

of the two rate constants. To achieve the desired signal intensity!S Partially exposed to solvent. Examination of Figure 9 shows
at 150 ms, this limit require&, ~ 20—30 s < kys The that the interaction surface encompasses the protein hemisphere

resulting plot of 1AA vs. time presented in Figure 8C is indeed that includes the surface of Mb where the heme edge becomes

curved, but far more so than is observed for the experimental partially eqused to solv_ent, but that this surface is relatively
data, suggesting that both intracomplex and second-orderlargé and diffuse as might be expected for a complex of
processes contribute to the observed ET transient signal. The/€latively low stability. The finding that the surface of Mb
intermediate, mixed-order regime of Scheme 3 involves both fecognized bybs is highly asymmetric and that there are

3000

é 1500

first-order kinetic contributions from tHB+A- complex as well relatively ex’Fensive regions.that are visited rarely, if. ever, by
as second-order contributions from its dissociated components, N approaching molecule b is particularly noteworthy insofar
D* andA~. To model the curvature in the plot of AA vs. as the electrostatic potential surface of Mb exhibits no asym-

time for the R = 5 point of the reverse titration, while ~ Metry in charge distribution. However, the positive end of the
maintaining the desired value of AA = 2500 at 150 ms, Mb dipole does project into roughly the center of this surface.
requires thak be more than three orders of magnitude less than Examination of the location of thbs molecules in the ten

its value in the rapid-exchange limiE(= 5 x 10° s™Y); the complexes that exhibit the greatest electrostatic stabilization
mixed-order curve in Figure 8B usé&= 100 s1. Because reveals that the relative stabilities of complexes occurring within
Kott < = = kp + koit ~ 100 s, this result then requires this this interaction surface appear to be distributed nonrandomly
for theDTA~ complex be at least 100-fold less thd®min = and in a manner that is somewhat dependent on pH. For
10* s as determined above (Table 1) for the precufih example, at pH 6 (Figure 9), there appear to be two clusters of
complex. points that suggest the existence of two subdomains (Of the

Figure 8 also presents progress curves for the full reverseten most stable encounter complexes, three occur in one of these
titrations as simulated with the kinetic parameters for each of domains and seven occur in the other.) within this interaction
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Figure 9. Docking profiles showing the target molecule, Mb, sur-
rounded by dots that represent the centers of mass Ub&tor the
encounter complexes formed with incomingH& molecules. For the
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Figure 10. Histogram of frequencies at which individual charged
residues of F’EMb (A) and Fé*hs (B) are involved in electrostatic
interactions in 3360 encounter complexes predicted by Brownian
dynamics simulations of 10 000 trajectorigs< 20 mM, pH 6.0, and
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residues of both proteins as being critical to complex formation,
but the relative frequencies of contact differ somewhat (data
not shown).

In a previous report, Livingston et &lderived a model for
the [Mb, bs] complex through use of manual, graphical docking
of the two proteins to optimize the number of interactions
between charged surface residues. The structure predicted by
Livingston et al. is contained within the surface binding region
of Mb identified by the Brownian dynamics approach, but it

ten complexes with the greatest electrostatic stabilization, the centersd0€s not lie within the densest region of the simulation. In fact,

of mass of F&bs are presented as large sphei@snditions 298.15
K, 4 = 20 mM; pH 6.0; (A) side view and (B) front view.

surface that provide greater electrostatic stabilization of the [Mb,
bs] complex. These two subdomains appear to persist at pH
7.5, but the distribution obbs molecules between the two (The
ten most stable encounter complexes are divided equally
between these two domains.) differs from that observed at lower
pH (data not shown).

Figure 10 is a histogram that gives the frequency with which
the individual charged surface residues of Mb dmdare
involved in proteir-protein contacts within the encounter
complexes found by the Brownian dynamics simulations at pH
6.0. All of the electrostatic contacts involve acidic residues on
the surface obs. In contrast, both acidic and basic charged
residues of Mb are involved in contacts with high frequency.
Thus, the low stability of the [Mbbs] complex compared to
that of either the [cytochrome peroxidase, cytochrome]
complexX?® or the [cytochromebs, cytochromec]?® complex
likely reflects the fact that in the former a large percentage of
the local electrostatic interactions within the proteprotein
interface are repulsive. Similar analysis of the trajectories
resulting from the Brownian dynamics simulations performed
at pH 7.5 identifies involvement of the same set of surface

the majority of the complexes represented by the Brownian
dynamics simulations do not resemble that of Livingston et al.
with only ~100 of the~3300 successful trajectories having
their center of mass dis within 25 A of the three Mb surface
Lys residues identified by Livingston et al.

The model described by Livingston et al. included interactions
of Lys residues 47, 50, and 98 on the surface of Mb with the
surface carboxylate residues Glu 43, Glu 44, Asp 60, and the
heme 6-propionate group. With regard to the important surface
residues of Mb, comparison of the results of the Brownian
dynamics simulation with that model reveals that both methods
identify Lys 47 and Lys 98 as important to proteiprotein
recognition, but the Brownian dynamics method does not
implicate Lys 50. In addition, the Brownian dynamics method
showed Lys residues 63 and 96 as having more frequent
involvement in interaction wittbs, and Lys residues 45, 47,
77, 78, and 87 as having a somewhat lesser role. With regard
to the surface residues bf, both approaches suggest significant
roles for Glu 44 and Asp 60, though the Brownian dynamics
approach places less emphasis on the role of Glu 43. Not
surprisingly, the Brownian dynamics approach also identifies
significant contributions by other charged surface residues of
bs, most notably Asp 66, Glu 38, and Glu 48.
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Discussion

In this work, we have presented kinetic progress curves
describing both théZnDMb — Fe*"bs, electron transfer process
(eq 2) and the subsequent?Flas — ZnD*Mb ET process (eq
3). Theminimal kinetic description of the photoinitiated ET
process must include formation of a weak but highly reactive
precursor complex that is in dynamic equilibrium with its
unbound components. Analysis of the quenching titration of
3ZnDMb by Féths indicated that the positively charged ZnDMb
interacts only weakly with its negatively-charged partner
Feths: for 6.0 < pH < 8.0, the maximum value for the
association constant i{)max ~ 3 x 10 M~1, somewhat less
than the value estimated from NMR experiméntgth the
[Fe**Mb(bovine heart), F&bs(trypsin-solubilized, bovine liver)]
complex Ka ~ 1® M1, pH 5.6, 25°C). The difference
probably stems from the higher pH employed here, although it
may, in part, reflect the fact that ZnDMb is an analogue of
Fe#tMb, rather than F&Mb, and has a correspondingly lower
net positive charge.

For each step in a titration of ZnDMb with s, the decay
of 3DA is exponential, which shows that the complex with
Fe*ths is kinetically labile; Kof)min Varies from 16 s~1 at pH
7.5t0 1§ s tat pH 6. Consequently, the quenching data gives
no information regarding the existence of multiple conformations
of the 3DA complex. If multiple conformations dDA exist,
they interconvert rapidly with respect &nDMb — Fe3Thg

J. Am. Chem. Soc., Vol. 119, No. 9, 19955

| ) decays through one of three channels: back ET, dissociation,
or conformational interconversion to the conformés) (that
governs the long-time behavior. The sum of these three rate
constant forl 5 corresponds tdgise ~ 10° s71 (as compared to

a corresponding su@ ~1(? s71 for 1g.) Thus, necessarily the
rate constant for dissociation bf obeys the inequality <

kise and so the lifetime of this conformer is at least 10-fold
longer than that of the precursbrA complex. The existence

of two subdomains within the interaction surface generated by
Brownian dynamics is consistent with the kinetic experiments
in that both approaches show that there are at least two
conformers of thdD™A~ complex. Extensive additional work
will be required to fully characterize the rapidly reacting
conformer and to achieve a complete kinetic description of this
system.

Clearly, the apparent simplicities of the 1:1 binding and ET
reaction between Fébs and ZnDMb masks a complicated
coupling of interfacial recognition and electron-transfer. To this
end, the diffuse nature of the Mb interaction surface generated
by Brownian dynamics (Figure 9) emphasizes that there are a
large variety of similarly stable structures for the [Miy]
complex, a large number of which could be accessed during a
reaction cycle. A static presentation of any one of these docked
protein—protein complexes reveals only a limited set of
interfacial contacts and masks the possible importance of other
structures in the overall mechanism of ET. The Brownian

ET and the observed decay constants are weighted averageslynamics simulations provide a more realistic view of the
Transient absorption measurements have shown that thisinteraction surface.

guenching ofZnDMb by Fé*bs can be attributed téZnD —

The simulations emphasize the importance of global elec-

FEP ET, and that the transient absorbance changes observegostatics in proteinprotein recognition. Because there is no

at the3D/D isosbestic points represent the time evolution of |ocal patch of surface charge on Mb, one might expect that local
the [ZnD"Mb, Fe&*hg] intermediate,l. By modeling the  glectrostatic interactions would be relatively weak, and that the
experimental data, we have begun to identify the mechanistic grientation of the dipoles might be the dominant steering force
requirements needed to completely describe the progress curveg,at aligns the molecular surfaces for ET. In support of this,
of the ET intermediate acquired during a reverse titration. First, we find that the dipole vector of Mb is directed toward the
the long-time behavior of the progress curvies @0 ms) shows — gensest section of the interaction surface. The diffuse nature
neither pure second-order nor pure first-order kinetic behavior 4t the interaction surface and the low overall stability of the
but _rathe_r resembles a mixed-order proqess_invol_ving both the[Mb, bs] complex(es) further suggests that a dominant set of
undissociated ET product complex and its dissociated compo-|ocg| electrostatic interactions does not exist, but rather, there

nents. Modeling of the long-time behavior bby Scheme 3
shows that some fraction of tiiz"A~ complex involved in this
process must dissociate with a rate constak,pf< = =k, +

kot ~ 100 s1. Thus, this component appears to have a lifetime
at least two orders of magnitude longer than that of the
precursorDA, complex! To what degree this sharp change in
interfacial interactions reflects a thermodynamic property of the
system and to what extent it represents a nonequilibrium,
kinetically trapped state, remains to be explored.

These conclusions are supported by the model calculations

based on Scheme 3 and presented in Figure 8. We hatve

attempted detailed fits to the data because careful examination

of the early-time portion of the progress curve for D&A~

intermediate suggests that there may be not one but two (or

more) kinetically distinguishable conformers of the bolrnoh~
complex. That formed directly by photoinitiated ET (denoted

are a multitude of weak, local interactions that produce a variety
of isoenergetic complexes. However, the kinetics suggests that
not all conformations have comparable reactivities and that local
interactions might play a key role in guiding the formation of
the productive conformations.
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