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Effect of pH on the Iso-1-cytochromeDenatured State: Changing Constraints Due
to Heme Ligatiof
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ABSTRACT. The effect of pH on the denatured state (3 M guanidine hydrochloride) was evaluated with
fluorescence spectroscopy for four variants of iso-1-cytochrom&TM (no surface histidines), AcH26
(surface histidine at position 26), AcH54 (surface histidine at position 54), and AcH54152 (stabilizing 152
mutation added to AcH54). Changes in the compactness and the heme ligation of the denatured state, as
a function of pH, were monitored through changes in Trp-B8me fluorescence quenching. With the
AcTM and AcH26 variants, no change in the fluorescence intensity occurs from pH 4 to 10. However,
for the AcH54 and AcH54152 variants the fluorescence intensity drops significantly between pH 4 and 6,
consistent with His 54 binding to the heme of cytochraanBetween pH 8 and 10 fluorescence intensity
increases again, indicating that the His 54 is displaced from the heme. The data are consistent with lysines
4 and 5 being the primary heme ligands at alkaline pH, under denaturing conditions. This conclusion was
confirmed by site-directed mutagenesis. Thermodynamic analysis indicates thatligand affinity in

the denatured state is controlled primarily by sequence position (loop size) and that when histidines are
present they inhibit lysine ligation until approximately pH 8%0 as compared to pH 7.5 with the AcTM
variant. Thus, at physiological pH, histidine ligands provide the primary constraint on the denatured state
of cytochromec. The heme-Trp 59 distance in the denatured state of iso-1-cytochronaerived from

analysis by Foster energy transfer theory, 1626 A at pH 4 and 10, much shorter than the random coil
prediction of 56 A. Surprisingly, the hemdrp 59 distance in the His 54 bound conformation only drops

to ~21 A, consistent with an extended conformation for the short polypeptide segment separating heme
and Trp 59.

The process of folding a protein from a structurally substantial for proteins that unfold in the absence of
disordered state to a well-defined three-dimensional structuredenaturantsl2—14). In the case of staphylococcal nuclease,
capable of biological activity has generated strong interestthe overall topology of the native state appears to be
in recent yearsl(—4). Considerable effort has been directed maintained even under strongly denaturing conditidt® (
at how this complex conformational search might be limited 16). Thermodynamic studies, in this laboratory, on loop
(5, 6). In particular, researchers have focused on folding formation under denaturing conditions also have indicated
intermediates) or pre-organization in the denatured states significant deviations from random coil behavior for iso-1-
of proteins ¢, 8) as potential means for limiting this search. cytochromecin 3 M gdnHCI (17—20). Thus, there is strong
With regard to the latter possibility, studies on the hydro- evidence that structural constraints in denatured proteins may
dynamic properties of proteina 6 M guanidine hydrochlo-  provide one avenue to limit the conformational search
ride (gdnHCI} indicated that proteins behaved as random required to fold a protein.
coils under these condition®)( More recently, however, When cytochrome is denatured either with gdnHCI or
NMR studies have demonstrated that residual structure inurea, the Met80 heme ligand (in the sixth coordination site
proteins is not uncommonl@, 11) and in fact can be  f the heme) is replaced by a histidine ligar®d,(22). For
horse cytochrome, the histidines at positions 26 and 33
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surface histidines and with N-terminal acetylation; AcHX, AcTM low pH or with histidines removed by mutagenesis methods

variant of iso-1-cytochrome with a single histidine added at position ~have shown that histidine misligation slows the folding of
number X; AcQX, ACTM variant of iso-1-cytochromewith a lysine cytochromec (24—27). Thus, constraining the denatured state

converted to glutamine at position number X. Amino acid mutations iy 5 non-native manner inhibits the folding of the protein.
are indicated using single letter amino acid codes and the sequenc

position as follows: H26N, for example, means that the histidine at “in the case of iso-1-cytochronegligation of _the N-terminal
position 26 is replaced with asparagine. amino group to the heme also slows foldir&y).
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Under denaturing conditions (3 M gdnHCI), a variant of modynamic analysis of the data from these variants, in
iso-1-cytochrome that is N-terminally acetylated in vivo  combination with the fluorescence results, allows the com-
and has no surface histidines, AcCTM (contains mutations T(- petition between histidine and other ligands to be assessed.
5)S, K(-2)L, H26N, H33N, and H39Q, see 1), still shows The analysis also demonstrates that the sequence position
a high spin to low spin transition for the heme with an of the heme ligand (loop size formed when bound to the
apparent K, pKsobs), of ~7.5 in 3 M gdnHCI. This heme) is the primary determinant of its affinity for the heme
observation indicates that the sixth coordination site of under denaturing conditions.
cytochrome is filled by another strong field ligand, presum-
ably lysine, under denaturing conditions near physiological MATERIALS AND METHODS
pH. Other recent work has also implicated lysine as a heme
ligand in non-native states of the protei28). Since i
topological constraints on the denatured state of cytochromeACHZG’ ACH.27'. AcH54, and A.CH54|52 (in t_he npmenclature
¢, because of other heme ligands, can occur near physiologi—ACHx’ Ac indicates N-term|_nal acgtyla_\tlon In VvIvo, .H
cal pH, it is of interest to determine the identity of these indicates the presence of a single histidine besides His 18,

ligands, the topological constraint they impose, and how well _and X gives the_ sequence position of_the histidine) were
they compete with histidine for heme ligation. Different isolated and punﬁed as de_scnbed pre_\{lquaﬁb,@?): The
constraints imposed by different ligands are expected to af“fect’/'\d_|54|52 variant §7) contains the stabilizing mutation Asn
the folding mechanism of this protein. 52— lle (3_8)' S ]

Since the visible absorption properties of the low spin ~ New variants used in this work were prepared using the
heme are not strongly sensitive to the nature of the strongUnique restriction site elimination site-directed mutagenesis
field ligand, it has been difficult to determine over what pH Method 89), as previously described§, 20). In all cases,
range histidine is the predominant ligand under denaturing PRS/C7.8 singled-stranded DNALY, 20) containing the
conditions. Another possible means of obtaining this infor- Séguence for the ACTM variant of iso-1-cytochrom@/as
mation is through measuring changes in the fluorescence ofuséd as the template for site-directed mutagenesis. The
Trp 59 as a function of pH, under denaturing conditions. Mutated DNA for the AcH22 variant and the lysine
The quenching of the fluorescence of the single tryptophan glutamine variants AcQ11, AcQ22, AcQ27, AcQ4Q5, and
residue at position 59 by the heme moiety provides informa- ACQ54Q55 (in the nomenclature AcQX, Ac indicates N-
tion on the dimension of the denatured sta28)( In the Fermlnal gcetylatlon in vivo, Q indicates a glu.t:_;lmme replac-
native form of cytochrome, there is virtually no fluores- g @ lysine, and X gives the sequence position number of
cence because Trp 59 is in direct contact with the heg@le ( the glutamine) were prepared in this manner. In all cases,
leading to efficient energy transfer from the Trp 59 donor the selection oligonucleotid&ad+I1— (19, 20) was used
to the heme acceptor and causing complete quenching O11n.comb|nat|on with an appropnate_mutagemc oligonucle-
tryptophan fluorescence. As the protein unfolds, the distancetide to generate the desired mutation. The presence of the
between the Trp 59 and the heme increases causing th&lesired mutation was confirmed by DNA sequencing using
fluorescence to increasgq). It is well-documented that Trp & Beckman CEQ2000 automated DNA sequencer.

59 quenching, and thus the Trp 5SBeme distance, is For each variant, mutant double-stranded pRS/C7.8 DNA
sensitive to denaturant concentratio®9)( and pH @1). was transformed int&accharomyces censiae GM-3C-2
Therefore, we have monitored Trp 59 fluorescence as acells (cytochromer deficient), and the mutant cytochrome
function of pH under denaturing conditions (3 M gdnHCI) ¢ was tested for functionality, as previously describéd)(
with several iso-1-cytochrome variants to explore heme The transformed cells were then subjected to a curing
ligation in denatured cytochrome procedure to ensure that the cytochromphenotype was

In addition to providing information about changes in plasmid-based, as previously describé®(The pRS/C7.8
heme ligation, the dimension of the denatured state of DNA was then recaptured from GM-3C-2 cells and rese-
cytochromec as a function of pH can be assessed using this quenced with the Beckman CEQ2000 to confirm that no
Trp 59—heme spectroscopic ruled?). The R, of the Trp- mutations had occurred under the selective pressure of the
heme donoracceptor pair is~30 A (26, 33), and it has expression systen#(). Variant proteins were then isolated
been well-demonstrated in a number of studies thatRhis  and purified, as described above.
is well-suited to monitoring changes in the dimensions of = Denatured State Fluorescence Spectroscopy Experiments.
denatured cytochrome (26, 29, 31, 34). There is great  To oxidize the desired cytochrome variant, ~5 mg of
interest in the compactness of denatured statgsrtd to potassium ferricyanide was added +®00 uL of protein
what extent protein denatured states approximate a randonthat was at a concentration ef7 mg/mL. The potassium
coil. Thus, we evaluate our fluorescence data with respectferricyanide was allowed to oxidize the cytochromdor
to an unquenched donad¥;acetyltryptophanamide (NATA),  45-60 min. Then, the protein was run down a G-25 column
and compare the results to the expected dimension of aequilibrated to 3X buffer (15 mM Tris and 45 mM NaCl,
random coil polypeptided 35, 36). pH 9.2) to separate the oxidized cytochromédrom the

Finally, the fluorescence studies on gdnHCI denatured iso- potassium ferricyanide. The concentration and degree of
1-cytochromec variants narrowed the possibilities for the oxidation was then determined spectrophotometrically, as
predominant heme ligands causing the denatured skate p  described previouslyQ). A 3X protein (9uM) solution in
(obs) of~7.5 (19) for the AcTM variant of iso-1-cytochrome  3X buffer was then prepared by dilution with 3X buffer. The
c. Several single histidine variants as well as lysine knockout actual concentration of &6 M gdnHCI stock was then found
variants were prepared to confirm the identity of the high using refractive index measurementd)(and was always
pH denatured state ligands for iso-1-cytochromeTlher- within 1% of 6 M.

Preparation of Iso-1-cytochrome c¢ Variant&A\cTM,
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The experiment consisted of using two fluorescence to the HendersonHasselbalch equation using SigmaPlot
cuvettes with 2 mL of the appropriate solution in each. The (v. 7):
protein cuvette consisted of 1 mlf 6 M gdnHCI, 667uL
of 3X protein solution in 3X buffer, and 333L of doubly (Azgg st Asgg s X 1g(PKLobs)PH))
deionized water, ddyD (Barnstead Nanopure Infinity Ul- Asgg= (1+ 1On(p|<a(obsypH)) 1)
trapure Water System). The blank cuvette consisted of 1 mL
of 6 M gdnHCI, 667uL of 3X buffer, and 333.L of ddH,O In eq 1, Ki(obs) is the apparentky for ligand—heme
and served the purpose of a nonfluorescent blank. Thus, bothpinding, n is the number of protons involved in the process,
cuvettes wez 3 M ingdnHCl and 1X in buffer. The protein  Asqis the absorbance at 398 nm at a given phgefs is
cuvette had a working concentration ofs® protein. The  the absorbance at 398 nm of the low spin form of the heme
cuvettes were mixed with stir bars for a few minutes, and (histidine or other strong field ligand bound in the sixth
then the pH of the cytochrome containing cuvette was  coordination site), and As nsis the absorbance at 398 nm
measured. The starting pH for the protein cuvette was thenof the high spin form of the heme ¢ bound in the sixth
adjusted to the range of-3t. When lowering the pH of the  coordination site). At protein concentratiors.5 M, the
protein containing cuvette, a 3:2:1 ratio of the following three change in spin state was monitored at 380 nm 0§ or
stock solutions was used, respectively, 6 M gdnHCI, 3X 620 nm (30 and 6@M). The values reported are the average
protein solution in 3X buffer, and aqueous HCI of appropriate of three separate experiments ath protein concentration
concentration. Once the protein cuvette had been loweredand two separate experiments at other protein concentrations.
to the desired starting pH, exactly the same total volume of The error given is the larger of the standard deviation of the
each stock solution was added to the blank cuvette, exceptseparate experiments or the error in the parameter from the
that 3X buffer was used in lieu of the 3X protein in 3X buffer nonlinear least-squares fit of the data obtained from the
stock. output of Sigmaplot (v. 7).

The fluorescence of the samples was then measured using T0 assess the dependence Kf(obs) on protein concen-
a Spex Fluorolog 2 spectrofluorimeter. The samples were tration, theK;(obs) data were fit to eq 220)
excited at 287 nm, and the fluorescence intensity was _
measured at 350 nm. Both excitation monochromator slit K{0D9)= Kinra + (Kinte/ 2)[CYt e (2)
widths were set to 4 mm and both emission monochromator,, ..« Kinra is the equilibrium constant for intramolecular

slit widths were set to 2 mm. To adjust the pH upward, 1 pigiigine-heme loop formation, andiner is the equilibrium
uL of an appropriate concentration of sodium hydroxide nqtant for intermolecular histidiréreme binding.

(NaOH) solution was added to each of the cuvettes, along - gapjity Measurement§SdnHCI denaturation monitored
with 2 uL of the of 3X protein in 3X buffer or the 3X buffer ., ireyjar dichroism was carried out, as described previously

stock, as appropriate, andut of the 6 M gdnHCI stock.  43) Al measurements were made at 5 in the presence
Thus, the concentrations of protein, gdnHCI, and buffer were ;¢ 59 mm Tris pH 7.0, and 40 mM NaCl as buffer. The

maintained at anstant values throughout.the experiment;e"ipticity as function of [gdnHCI] was fit to a two-state
only the pH varied. The pH of the protein cuvette was \xfolding model by nonlinear least-squares methods, assum-
measured,'followed by quores_cence measurements for eachng a linear free energy relationship for the dependence of
cuvette. This process was continued until the pH was bet""eenunfolding free energyAGy, on [gdnHCI] (L8, 44). Values
10 and 11. Measurements of the final pH of the blank cuvette 5, ihe stability in water,AG,(H.0), and the denaturant
showed that it was within 0.1 pH units of the protein cuvette dependence oAG, (m-value) were obtained from the fits
used to track pH during the experiment. to the data. The errors reported are the standard deviation
For experiments on the AcH54152 variant, a third cuvette of three separate experiments.
containingN-acetyltryptophanamide, NATA (Bachem Bio-
sciences, Inc.), at a concentration gffd, was also measured RESULTS
concurrently with protein and blank cuvettes. The NATA  gygjes on the alkaline conformational transition of cy-
was dissolvedi 6 M gdnHCI. The concentration of this stock  {qchromec show that lysine has a strong affinity for heme
solution was evaluated spectrophotometricadbyd= 5690 (45). Recent work on NMR-monitored unfolding of horse
M~*cmin 6 M gdnHCI, see re#2). A6 M gdnHCl stock ¢ tochromes also implicates lysine as a heme ligand in non-
with 6 uM NATA was prepared. The first sample was paiive states of the protei@®). There are 15 lysines in wild-
prepared using 1.0 mL of this stock, 6L of 3X buffer, type iso-1-cytochrome, and we have previously postulated
and 333L of ddH;0. Thus, this sample vez8 M ingdnHCl, that one or several of these lysines may act as heme ligands
1Xin buffer, and 3uM in NATA. The pH of this sample  nqer denaturing conditions above neutral @)( Work

was adjusted as described above usinglL3of the 6 M in this laboratory shows that the 37 residue loop formed by
gdnHCI, 6uM NATA stock, 2 ulL of the 3X buffer stock, s 54 binding to the heme in the denatured state of iso-1-
and 1ul of aqueous HCI or NaOH, as appropriate. cytochromec is unusually favorable (f.(obs)= 4.81 +
Denatured State pH Titrations Monitored by &Vis. All 0.06), making lysines 54 and 55 possible candidates for the
UV —vis monitored denatured state pH titrations were carried predominate nonhistidine heme ligand in the denatured state
out, as described previousl§{—20, 27), in 3 M gdnHCI, of the AcTM variant, near pH 7.5. Similarly, we have shown

in the presence of 5 mM NEPO, and 15 mM NaCl. The  (20) that histidines at positions 4 and2 have very high
protein was oxidized prior to each experiment, as describedaffinity for heme in the denatured stateK{gobs) ~4.2).
above. The temperature of the titration solutions wast22  Thus, lysines at positions 4 and 5 (to produce in vivo
1 °C. Absorbance at 398 nm was plotted against pH and fit acetylated iso-1-cytochrome the AcTM variant has had
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FIGURE 1: Schematic representation of the affect of binding Lys 2
54/55 to the heme of denatured AcTM on the Trp—5@me =" 5000
distance. The double-headed arrows show the Trp-heSne
distanceR, for the low pH water bound state of the heme and for o _
the high pH Lys 54/55 bound state of the heme. As shown, a single 5 4 6 p 10 12
proton is released when an ionizable ligand (or ligands) binds to
the iron atom of the heme. Thus, the equilibrium should be a one pH
proton process. .
40000
Lys(-2) converted to leucine) are also strong candidates for _ 33900 ¢
the predominate heme ligands causing the spin state transition E 30000
in the denatured state of the AcTM variant of iso-1- ; 25000 | AcH354 -
cytochromec (pK4(obs)~7.5). To narrow the spectrum of £ 20000 -
possible denatured state lysine ligands and to provide direct -9; 15000 -
thermodynamic assessment of the competition between lysine —
and histidine ligands under denaturing conditions, we first " '%0%°
carry out studies on the pH dependence of the fluorescence 5000
intensity of the Trp 59 of iso-1-cytochronweunder denatur- 0
ing conditions. 2 4 6 8 10 12
Fluorescence of AcTM, AcH26, and AcH54 as a Function pH

of pH. Three proteins were chosen for pH dependent studiesFicure 2: pH dependence of Trp 59 fluorescence intensitye, F
of Trp 59 fluorescence in the denatured state, AcTM, AcH26, for the (A) AcTM, (B) AcH26, and (C) AcH54 variants under
and AcH54. Binding of Lys 54/55 to the heme at alkaline ge”atuanggonfitionS d(i;’l'v' gdnHCI). Tfhe E{Otii” CO”Te”tra“.O” iSd
. L : M. The background fluorescence of a blank sample monitore
pH is expected to lead to 5|gn|flc_an_t _quenchmg of Trp 59 cgtncurrently with the protein sample has been subtracted from the
fluorescence for the AcTM (no histidines bound at lower fyorescence of the protein sample at each pH value. Data were
pH, see Figure 1) and AcH26 (His 26 bound at lower pH) acquired at room temperature, 221 °C. Excitation was at 287
variants as the Trp 59 is brought closer to the heme. For nm, and emission was monitored at 350 nm. The solid curves simply

AcH54, no significant change in fluorescence intensity is connect the data points.
expected at alkaline pH if Lys 55 replaces His 54. On the fluorescence intensity drops and levels out in the range of
other hand, if lysines 4 and 5 are involved in heme binding pH 6—8. Above pH 8, the fluorescence intensity rises again.
above pH~7.5 under denaturing conditions, little change The higher fluorescence intensity of AcH54 at low pH is
in the fluorescence of the AcCTM and AcH26 variants would consistent with water bound to the heme (Figure 1) and with
be expected as a function of pH. For gdnHCI denatured His 18 as the last covalent contact with the heme relative to
AcH54, the fluorescence of Trp 59 would increase at higher Trp 59. In the pH range 68, the decreased fluorescence
pH if Lys 4/5 replaces His 54. intensity is consistent with His 54 binding to the heme and
In Figure 2, the fluorescence intensity of Trp 59 versus drawing Trp 59 close to the heme. Above pH 8, His 54 is
pH in 3 M gdnHCI for AcTM (Figure 2A), AcH26 (Figure  clearly lost, and the increase in fluorescence intensity is
2B), and AcH54 (Figure 2C) is shown. For both AcTM and inconsistent with Lys 55 acting as the predominate ligand
AcH26, the Trp 59 fluorescence intensity does not change at higher pH but consistent with Lys 4/5 acting as the ligands.
significantly with pH over a broad pH range. Obvious The observation that the increase in fluorescence intensity
changes in the Trp 59 fluorescence intensity of AcH54 occur occurs at higher pH than thé&gobs) for the AcTM variant
over the same pH range. At low pH, the fluorescence (~7.5) indicates that His 54 binding provides significant
intensity of AcH54 is high, but as the pH is raised, the competition for binding of the lysine ligands.
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The behavior of AcTM is similarly inconsistent with Lys 35000
54/55 as the predominate heme ligands at higher pH since
no decrease in Trp 59 fluorescence intensity is observed near
pH 7.5 relative to the water bound heme at low pH. From
previous work, it is known that His 26 binds to the heme
with a pKy(obs) ~5.3 (19). Our data indicate that Trp 59
fluorescence intensity data cannot distinguish between the
low pH water bound and the His 26 bound states of the heme. AcH54152
As with AcTM, the data provide no evidence for Lys 54/55 * vey,
binding at higher pH. However, because of the insensitivity 5000 1 "5..,,_
of the Trp 59 fluorescence to His 26 binding, the fluorescence
data cannot rule out other lysines near the heme (lysines 11, 0
22, and 27) as possible heme ligands abovep#b.

Quantitatve Assessment of Trp 58ieme Distance as a
Function of pH.The qualitative work on the AcTM, AcH26, 0.33
and AcH54 proteins indicates that AcH54 is the most
interesting protein with which to pursue quantitative distance 0.30 of %,
measurements using thé'rster method. For convenience,
we have used the AcH54152 variant, which has the stabilizing
N52I mutation, providing for greater isolated yields of
protein. The | (obs) for the high spirtlow spin transition
monitored at the heme Soret band for AcH54152 is within
error identical to that observed for the AcH54 proteiK{p 015 - *
(obs)= 4.89+ 0.03 for AcH54152, see re37; pKy(obs)= *e .
4.81+ 0.06 for AcH54, see ret9). Thus, introduction of 010 . See e
lle at position 52 does not perturb the His-Sdeme loop
formation equilibrium under denaturing conditions (3 M bH

gdnHtCI),Clindtlc?tln% t.hatihe (t:onrf]ormatlonal ptro?fert![ez Og the Ficure 3: pH dependence of the Trp 59 fluorescence of the
énatured state of 1so-1-cytochroro&are not alfected by aAcHs4i52 variant relative to the fluorescence of NATA (un-
the N52I mutation. Figure 3A shows the fluorescence guenched donor) in the denatured state (3 M gdnHCI). (A) The
intensity of Trp 59 of AcH54152 and also &-acetyltryp- fluorescence at 350 nmadg, of Trp 59 in AcH54152 and of NATA
tophanamide (NATA) as a function of pH. NATA is used after subtraction of a blank sample at each pH. (B) The fluorescence

as a model for the unquenched fluorescence of Trp 59 intensity of the protein normalized to that of NATAsr
b he indole ri f NATA i ded b (normalized), calculated as the ratio of the fluorescence of protein
ecause the indole ring o IS surrounded by tWO  that of NATA at each pH value. The fluorescence of the blank,

peptide bonds, as is the side chain of Trp 59. The pH profile the NATA sample, and the protein sample were measured simul-
of the fluorescence intensity of AcH54152 is very similar to taneously at each pH value. The concentration of both the NATA
that of the AcH54 variant, and the fluorescence intensity of and the protein was 8M. Excitation was at 287 nm, and emission

NATA is essentially invariant with pH. For AcH54152, the ~Was monitored at 350 nm. Measurements were made at room

. . . temperature, 22 1 °C.
fluorescence drops in the pH range-@&, is essentially P

constant in the pH range-@, and then rises again at higher ~ The Trp 59-heme emission data in Figure 3 can be used
pH. Fitting the two transitions to the Hendersddasselbalch to estimate average hem@&rp 59 separation. The average
equation yields K,(obs) values of 4.9 0.06 for the low  distanceR, for a donoracceptor pair is given by eq 33%),

pH transition and 8.69: 0.05 for the high pH transition.  whereE is the efficiency of energy transfer, afid= 1 —
Both transitions are consistent with one proton processes.Fssnormalized), where fonormalized) is the ratio of the
The Ky(obs) for the low pH transition (0 to His 54 heme  Trp 59 emission intensity of denatured cytochromie that
binding) is within error of the li,(obs) monitored using the  of NATA (emission in the absence of an acceptor), as shown
heme Soret band Ka(obs)= 4.89+ 0.03, ref37), consistent in Figure 3B for AcH54152.

with the heme Soret band and Trp 59 fluorescence monitor-

ing the same process (His 54 binding to heme) in this pH R=R/((1— E)/E)"® (3)
regime. The high pH process, which must involve displace-

ment of the His 54 ligand, occurs1 pH unit higher than  The Faster characteristic distand®,, is ~30 A for the Trp-

the heme Soret monitored binding of a strong field ligand heme donoracceptor pair46, 33). Using eq 3, we obtain

to the AcTM variant (K(0bs) ~7.5) where no competing  an average hemeTrp 59 separation of 26.4 0.2 A (range
histidines are present. Clearly, the high affinity interaction of two experiments) at low pH (water bound to the sixth
of His 54 with the heme is able to inhibit the onset of binding coordination site). When His 54 is bound, the average heme
of other heme ligands so that, at least in this case, histidine Trp 59 separation is 20.% 0.5 A (range of two experi-
remains the predominate heme ligand in the denatured statenents). At high pH, after His 54 is titrated off the heme, the
up to pH 8. Analysis of the high pH transition for AcH54 average hemeTrp 59 separation is 254 0.1 A (range of
(Figure 2C) with the HendersetHasselbalch equation gives  two experiments).

a pKy(obs) of 9.0+ 0.1. Thus, the heme ligation behavior Denatured State Loop Formation with Single Histidine
of the AcH54 and AcH54152 proteins in the high pH regime Variants In previous work {9, 20), we have assembled a
is similar. large data set of denatured state loop formation affinities,

3 J
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Table 1: Parameters from Denatured State Titrations of Table 2: Thermodynamic Parameters from gdnHCI Denaturation of
Histidine—Heme Ligation for AcHX Variants as a Function of Iso-1-cytochrome Variants at pH 7 and 28C
Protein Concentratiomi3 M GdnHCI at 22°C AGy(H:0) mvalue Con
_ [protein] protein (kJ/mol) (kd/mol M) (M)
variant M) PK(obs) n WT (C102S}  241+17  214+15 113002
AcH22 1 5.46+ 0.03 1.00+ 0.07 AcTMP 16.4+ 0.6 15.5+ 0.8 1.06+ 0.01
3 5024010 1214015 Histidine variants
5 92+ 0.0 13£0.0 AcH22 137406  21.4+10  0.64+0.01
15 4.81-+0.06 1.18+£0.07 AcH27 115403  18.2£0.7  0.63+0.01
30 4.63+ 0.03 1.06+ 0.20 ] )
60 4.40+ 0.08 1.05+0.15 Glutamine variants
AcH27 1 5 794 0.04 1954 013 AcQ4Q5 13.4+ 0.5 12.8+ 1.2 1.05+ 0.07
AcQ11 141+ 1.1 22.3+0.8 0.64+ 0.01
3 5.68+ 0.03 1.09+ 0.07
AcQ22 12.4+ 0.5 13.4+ 0.3 0.94+ 0.02
7.5 5.59+ 0.03 1.04+ 0.04
15 5 61t 0.04 104L 0.12 AcQ27 16.9+ 0.6 15.5+ 0.6 1.09+ 0.03
: : : : AcQ54Q55 12.74 0.3 12.8+0.3 0.99+ 0.01

aTaken from refl8. ® Taken from ref19.

pKq(obs), for histidine-heme ligation under denaturing
conditions (3 M gdnHCI). To provide additional data for
thermodynamic analysis of lysirdneme ligand binding (see
Discussion), we have prepared one additional single histidine _
variant, AcH22. Single histidine variants of iso-1-cytochrome % intramolecular

Table 3: Intramolecular and Intermolecular Components of
Heme-Ligand Equilibria n 3 M gdnHCI at 22°C

’ s 4 . variant Kintra Kinter at 3uM?

c are relatively easily prepared as compared to single lysine .
variants (15 lysines in the wild-type protein). Thus, the loop A¢TM 27+£05x10° 040.0009 103£6

; . L (7.57+0.17}
size dependence of denatured state heligand equilibria, Histidi ant

H H H iotidli Istiaine variants
pKe!(obs), can be more reaqllly obtained for single histidine AcH22 58+10x10° 117+ 007 7743
variants (AcHX). This loop size dependence can then be used (5.24+ 0.18f
in analyzing the competition for heme binding among the AcH27 2.14+0.2x 10° 0.064 0.04 96+ 2
15 lysines in the denatured state of iso-1-cytochrame (5.67+0.07F
Since formation of short denatured state histiiheme Glutamine variants

loops has demonstrated some dependence on protein conAcQ4QS5 (5é12>é):1079 0.0013 72
centration _(AcHll, loop size 4, ref_ZQ), we provide a brqad AcQ11 > 54 03x 10-° 0.00124L 0.0004 93t 2
concentration dependence for histidifteeme loop formation (7.60+ 0.13}
for the AcH22 variant (loop sizes 5). We also provide the  AcQ22 2.2+ 0.1x 10°¢ 0.0006+ 0.0001 96+ 1
concentration dependence for histidiffeeme loop formation (7.66+ 0.03y .
for the previously reported AcH27 variant (loop sizel0) AcQ27 (27'85%2'3 181}0 0.0013+0.0010 935
as a means of assessing the loop size at which intermoleculan os4gs5 2.1 x 10 0.0002 08
contributions to loop formation are no longer important for (7.69¥
C-terminal loop formation. 295 intramolecular at 3M = { Kin/ (Kintra + Kinter X 3 x 1076 M)}

In Table 1, the [,(0bs) andh parameters for the ACH22  x 100. Error obtained by standard propagation of the errdfia,
and AcH27 variants as a function of concentration are shown. and Kinra. ® The slope of eq 2 was negative givitGer = —2.4 x
As expectedn, the number of protons involved in the process 104, a physically undefined value. This value, however, was used to

is near 1 (see Figure 1). For the AcH22 variant, there is C|earcalculate the magnitude and the error for % intramolecGl@he
9 ’ ! number in brackets given below eabk.. value is the 4 (obs) at

concentration dependence for thE(pbs) for histidine- zero protein concentration, calculated -a®g(Kins). @ pKa(obs) was
heme ligation m 3 M gdnHCI. Within error, there is no  only obtained at two protein concentrations, so the errd;ig, and
significant concentration dependence of tig(pbs) for the Kinter from the fit to eq 2 is indeterminate.
AcH27 variant. GdnHCI denaturation data, presented in Table
2, demonstrate that both proteins are fully unfolded under loop formed by His 27. As previously suggested for AcH11
the conditions used to measure denatured state loop forma{20), the small size of the intramolecular loop and the close
tion. Quantitative analysis of theKg(obs) data to extract approach of the two hemes in intermolecular binding likely
intermolecularKiner, and intramoleculaKiny, (heme-ligand enhance intermolecular Hihveme binding relative to in-
binding affinity extrapolatedat O M protein concentration),  tramolecular His-heme loop formation in the denatured state
histidine—heme binding constants show that intermolecular of AcH22.
heme binding is significant for His 22 and insignificant for Effect of Remaal of Lysine Side Chains on Denatured
His 27 binding (Table 3). At 3:M protein concentration  State Loop Formation in the Absence of Histidifehe
(our standard conditionsni3 M gdnHCI, His 22-heme fluorescence data in Figure 2 indicate that lysines 54/55 are
binding is ~75% intramolecular, whereas His 2ieme not the primary heme ligands in the denatured state (3 M
binding is essentially completely intramolecular (Table 3). gdnHCI) of iso-1-cytochrome. The lack of increased Trp

In previous work 20), intermolecular binding was ob- 59 quenching by heme above pH 7 for AcTM and AcH26
served for the short 4 residue loop required by His héme and the decrease in Trp 59 quenching by heme indicate that
binding but not for the 11 and 16 residue loops formed by the high pH heme ligand in the denatured state is either near
His 4 and His(-2)-heme binding. In agreement with this the heme or on the N-terminal side of the site of heme
result, we find an intermolecular component for the short 5 attachment. Our recent results on N-terminal AcHX variants
residue loop formed by His 22 but not for the 10 residue (20) support the latter possibility and indicate that lysines
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Table 4: Parameters from Denatured State Titrations of
Histidine—Heme Ligation for AcQX Variants as a Function of
Protein Concentratiomi3 M gdnHCI at 22°C

[protein]
variant (uM) pKa(obs) n

AcTM 3 7.62+ 0.05 1.02+ 0.05
7.5 7.55+ 0.04 0.94+ 0.05

15 7.66+ 0.03 0.90+ 0.09

AcQ4Q5 3 8.15+ 0.03 0.92+ 0.07
7.5 8.00+ 0.05 0.87+ 0.09

AcQ11 3 7.61+0.04 0.86+ 0.06
7.5 7.49+ 0.02 0.8+ 0.06

30 7.37+£0.02 1.02+ 0.09

AcQ22 3 7.65+ 0.08 0.99+ 0.08
7.5 7.61+0.03 0.94+ 0.02

15 7.58+ 0.06 0.81+ 0.05

AcQ27 3 7.56+ 0.05 0.94+ 0.09
7.5 7.444+0.03 0.99+ 0.04

15 7.44+0.02 0.77+ 0.04

AcQ54Q55 3 7.68 0.12 0.83+ 0.04
7.5 7.67+ 0.07 0.88+ 0.03

4/5 are the most likely ligands. However, other amino acids
side chains, such as tyrosine, are known to act as hem
ligands in proteins47, 48). Thus, to definitively ascertain
the primary heme ligand above pH 7 under denaturing
conditions, we have individually replaced lysines near the
heme at positions 11, 22, and 27 with glutamine (AcQ11,
AcQ22, and AcQ27). Lysines 4/5 and 54/55 have been
replaced with glutamine simultaneously (AcQ4Q5 and
AcQ54Q55).

If there is a predominate lysine ligand, then when this
lysine is replaced with glutamine there should be a significant
shift upward in the Ks(obs) for heme-ligand ligation
relative to the AcTM variant. In Table 2, gdnHCI denatur-

ation data demonstrate that all variants are completely
unfolded under the conditions (3 M gdnHCI) used to measure

denatured state loop equilibria. In Table 4, thg(obs) data
for these variants, as well as for the AcTM variant, are shown
as a function of protein concentration. All heme ligand

titrations are approximately 1 proton processes (Table 4),
as expected (see Figure 1). The concentration dependenc

of pKa(obs) is also minimal such that, for the most part, the
observed titration is essentially completely intramolecular
at 3 uM protein concentration (Table 3). Similarly, com-
parison of [K,(obs) @ 0 M protein concentration (bracketed
values in Table 3) with i§;(obs) at 3uM protein concentra-

tion shows that these two quantities are generally within error

of each other. For the AcQ1ll, AcQ22, AcQ27, and
AcQ54Q55 variants, ig,(obs) does not change significantly
relative to AcTM, indicating that none of these lysines is

the predominate heme ligand under denaturing conditions
above pH 7. On the other hand, there is a significant upward

shift in the Kg(obs), of~0.5 units, for the AcQ4Q5 variant
relative to the AcTM and other AcQX variants (Figure 4).
This result clearly implicates lysines 4 and 5 as the primary
heme ligands in the titration observed near pH 7.6 for the
AcTM variant.

DISCUSSION

Heme Ligands as a Function of pH in Denatured Iso-1-
cytochrome c In previous work on heme ligation, the

Smith et al.

A398

pH

Ficure 4: Denatured state hemdéigand titrations for lysine—~
glutamine variants of iso-1-cytochronee Titrations for AcQ11
(open circles), AcQ27 (open squares), and AcQ4Q5 (solid triangles)
were carried out at M protein concentrationni3 M gdnHCI, 5

mM NaHPO,, and 15 mM NaCl at 22t 1 °C. Solid curves are

fits of the data to eq 1 in the Materials and Methods. Parameters
from the fits of eq 1 to the data are collected in Table 4.

emphasis has been on observing changes in heme ligation

drom neutral to acidic pH. In general, the topological

constraints on the denatured state of cytochrerimeposed
by heme ligation have been attributed to histidiheme loop
formation 1—25). However, work from this laboratory has
demonstrated that in the absence of histidine (and with a
blocked N-terminal amino group), another strong field ligand
is capable of binding to the heme of denatured iso-1-
cytochromec with a pKy(obs) of ~7.5 (19, 27). Since
denatured state heme ligation strongly affects the energy
landscape and thus the mechanism for folding cytochrome
¢ (23—27), knowledge of the changes in heme ligation in
the denatured state as a function of solution pH is important.
The e-amino group of lysine is known to have a high
affinity for heme binding 28, 45) and thus is a likely
candidate. However, tyrosinate has been implicated as a
ligand capable of leading to low spin TyHis ligation of
ferric heme in both proteinsty) and heme-peptides 48),
and iso-1-cytochrome has tyrosines at positions 46, 48,
7, and 74. Since each of these tyrosines would bring Trp
9 within 15 residues of the heme, it seems likely that some
additional quenching of Trp 59 fluorescence would have been
observed for the AcH26 and AcTM variants at high pH, in
the denatured state, if these tyrosine residues were involved
in heme binding. Our work on histidingheme loop forma-
tion in denatured iso-1-cytochrone(3 M gdnHCI) sug-
gested that lysines 4 and 5 would be strong candidates for
the high pH ligandsZ0). This prediction is consistent with
the observation that no decrease in fluorescence intensity
occurs at high pHri 3 M gdnHCI for the AcTM and AcH26
variants and that the loss of His 54 binding in the AcH54
and AcH54I52 variants leads to an increase in Trp 59
fluorescence intensity at high pH. When lysines in the AcTM
variant of iso-1-cytochrome are replaced with glutamine,
no effect on the denatured stat€ fobs) occurs for lysines
at positions 11, 22, 27, 54, or 55 (AcQ11, AcQ22, AcQ27,
and AcQ54Q55) relative to the AcTM variant. However,
replacement of lysines 4 and 5 with glutamine (AcQ4Q5)
leads to a 0.5 unit upward shift in th&gobs) of the AcTM
variant. This observation clearly implicates lysines 4 and 5
as the predominate ligands for the sixth coordination site of
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the heme in the denatured state of cytochrocneabove
neutral pH. The data also allow us to definitively rule out
the participation of tyrosines 46, 48, 67, and 74 in heme
ligation in the denatured state of cytochromén this pH
regime.
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calculation, this value matches reasonably well the observed
pH range of 8.79.0 for the midpoint of the loss of His 54
heme binding in these two proteins.

Knowing the midpoint for loss of His 54 binding at high
pH from our data in Figures 2C and 3, we can predict the

Competition between Histidine and Lysine Ligation Near midpoint for the transition from histidine to lysine ligation,
Neutral pH For most studies on the folding mechanism of pHuisiys(Variant), in other proteins (such as AcH26) even
cytochromec, histidine residues are present. Thus, it is though direct observation of this change in ligation was not
important to understand how histidine and lysine compete possible in Figure 2B. It can be shown, from consideration

for heme ligation in the denatured state. At what pH does
lysine ligation start to contribute to the constraints on the
denatured state of cytochromend thus affect the folding
of this protein?

The data on AcH54 and AcH54I152 in Figures 2C and 3
allow analysis of the competition between histidine and lysine
ligands for the sixth coordination site of the heme, under
denaturing conditions. The loop formation equilibrium for
histidine or lysine binding to the heme of denatured cyto-
chromec can be broken down into a stepwise equilibrium
involving, first, ionization of the ligand, followed by binding

of egs 4 and 6 and the requirement thiéggp(H™) for lysine—
heme ligation and i for histidine-heme ligation must
be the same at pi.ys(Variant) for denatured iso-1-cyto-
chromec, that eq 7 can be used to predictyyys (Variant).

In this equation, the K,(obs) values are the experimentally
measured values for histidinddeme loop formation under
denaturing conditions (3 M gdnHCI).

PHyisys(Variant)= pHyg, (His 54) —
(pKa(Obs)/ariant_ pKa(ObS)-|i554) (7)

of the neutral ligand to the heme. Eq 4 expresses this stepwiseThus, for the AcH26 variant, plkiys(AcH26) is predicted

process

pKa(ObS): pKa(LHJr) + pKFeL (4)
where [Ky(obs) is the experimental midpoint for loop
formation n 3 M gdnHCI, Ky(LH") is the acid ionization
constant of the protonated form of the ligand, amdd4 is
the affinity of the neutral form of the ligand for the heme of
denatured cytochrome For His 54 in AcH54, if we use
pKa(HisH) ~6.5, then Kre is approximately—1.6 (Kq-
(obs)~4.9 for AcH54 and AcH54I152; see Results and ref
19). For AcTM, if we assume lysine ligands with &p
(LysH™) ~10.5, then the effective Kre. for these lysine
ligands is approximately—2.9 (using fKs(obs) ~7.6 for
AcTM, see Table 4). The value oKpe. is the upper limit
for the affinity of the ligand for the heme (i.e., the affinity
at pH values significantly abovekg(LH*)). For AcH54 and
AcH54152, the high pH loss of His 54 binding occurs above
pH 8, so we can assume that the affinity of His 54 for the
heme has reached its maximal value Kigp approximately
—1.6 (since K4(HisH") ~6.5). At the midpoint for loss of
His 54 binding at alkaline pH (Figures 2C and 3), the affinity
of His 54 (Kre. approximately —1.6) must equal the
effective affinity of the lysine ligands. The affinity of an
ionizable ligand for the heme is diminished as the pH drops
below Ky(LH") according to eq 549), whereKge (H") is
the affinity of the ionizable ligand, L, at a given {H For
[H] > K4(LH™), the 1 in the denominator can be neglected.

— I<FeL
[+ {[H VKLH}]

KFeL(H-i_) (5)

Expressing this simplification of eq 5 inKpnotation, we
obtain eq 6.

PKee(H") ~ PKee + (PKL(LH) = pH)  (6)
Using Krer = —2.9 and [K4(LHT) = 10.5, the effective
affinity of the lysine ligands for the heme is expected to

match the affinity of His 54 (rel(H™) = —1.6) in AcH54
or AcH54152 at~pH 9.2. Given the approximations in this

to be~8.4, using phisiLys(His 54)~8.8, Ka(0bS)issa = 4.9,

and Ky(obs)isze = 5.3 (19). For WT iso-1-cytochrome,
where His 26, 33, and 39 compete for ligation to the heme
under denaturing conditionsKg(obs) is~4.7 (34). There-
fore, the midpoint for the transition from histidine to lysine
ligation, pHuisiys(WT), is expected to be-9.0 (with an
acetylated N-terminus). Thus, for WT iso-1-cytochrome
and many of the single histidine variants (AcHX) that we
have studied, histidine is expected to be the primary heme
ligand below pH 8.0. For lysines to bind to the heme and
affect the topology of the denatured state of this protein, the
pH must be significantly above physiological values. How-
ever, when this His— Lys ligation change occurs, the
topology of the denatured state will change dramatically from
one involving a C-terminal loop (His 26, 33, or 39 in the
WT protein) to one involving an N-terminal loop (Lys 4 and
5), strongly altering the starting point for folding.

Quantitatve Assessment of the Contribution of widual
Lysines to Heme Ligation Under Denaturing Conditions
Above Neutral pH There are lysines at positions2, 4, 5,

11, 22, 27, 54, 55, 73, 79, 86, 87, 89, 99, and 100 in iso-
1-cytochromec. With so many ligands competing for heme
ligation in the denatured state at higher pH, there is expected
to be some heterogeneity in the constraints on the denatured
state of cytochrome under these conditions. Heterogeneity
in the denatured state could impact the folding mechanism
of this protein. To directly assess the individual affinities of
each lysine for the heme of denatured cytochrameould
require a large and probably infeasible amount of mutagen-
esis. However, a simple thermodynamic analysis using
denatured state histidindneme binding data (Table 5) can
provide this information.

Consideration of the expression foKyjobs) in eq 4 for
heme-ligand affinity is key to this analysis. First, we assume
that the jiX, of an ionizable amino acid side chairK4LH™),
is insensitive to sequence position in concentrated gdnHCI
solution. This assumption is reasonable based on the work
of Tanford and Nozakig0). Thus, the variation in,(obs)
is due primarily to Kre, Which depends on sequence
position (loop size and topology, see refg—20). This
sequence position effect should be the same irrespective of
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Table 5: Compilation of Ka(obs) andKge. Values for AcHX
Variants of Iso-1-cytochrome at 3uM Protein Concentration and
22 °C at Lysine Sequence Positions

variant K4(obs) Krel®

AcH4 4.22+ 0.0 190.5
AcH11 5.15+ 0.03 22.4
AcH22 5.12+0.10 24.0
AcH27 5.68+ 0.0F 6.6
AcH54 4.81+ 0.06 49.0
AcH73 5.63+ 0.1r° 7.4
AcH89 5.97+ 0.06 4.4
AcH100 6.34+ 0.0Z 1.4

3 KoL = 107 (PKL0bs)-65) where a value of 6.5 is taken foKg(HisH");
see eq 4 in the tex. Taken from ref20. ¢ Taken from refl9.

the nature of the ligand. Therefore, we can use our databas
of individual histidine-heme affinities to predict the relative
affinities of the 14 lysines in the AcTM variant (in AcTM,
Lys(-2) is replaced with Leu). Theip(obs) values and the
KreL Values (see eq 4) for all AcHX variants are compiled
in Table 5. Using these data, we can calculate the expecte
fractional population of Lys 4/5 ligation under denaturing
conditions, P.ysass relative to all the other lysines in the
AcTM variant of iso-1-cytochrome, using a simple partition
function analysis (eq 8).

I:’Lys4/5 = [ZKFeL(ACH4)]/[{ 1+ 2KFeL(ACH‘]') +
Kre (ACH11) + Keo (ACH22) + K (ACH27) +
2K (ACH54) + 2K, (ACHT3)+ 3K (ACH89) -+
2K (ACH100}] (8)

Since we have not measured th€,fobs) for denatured
state loop formation for histidines at all sequence positions
corresponding to lysines, it is assumed tKag, values for
positions close in sequence are approximately the same (i.e
KFeL(HiS 86) + KFeL(HiS 87) + KFeL(HiS 89) ~ 3 x K|:9|_-
(AcH89)) since the loops closed upon ligation will be similar
in size. Eq 8 predict® ysas ~ 0.68 or 68%. On the other
hand,Pyyss4/55 Obtained via an analogous calculation equals
0.17 or 17%. Similar calculations for the other lysines show
that Lys 11 and Lys 22 together account fei8% of

Smith et al.

and 22 will contribute~26% to the observed denatured state
loop equilibrium at 3«M protein concentration for AcQ4Q5.
Both AcH11 and AcH22 have concentration dependéqt p
(obs) values consistent with AcQ4Q5 showing concentration
dependence for itsky(obs).

Dimension of the Denatured State of Iso-1-cytochrome ¢
as a Function of pHBy analyzing the fluorescence intensity
of Trp 59 in AcH54152 cytochrome relative to NATA
(unquenched donor), it is possible to estimate the average
heme-Trp 59 distance in denatured cytochromé 3 M
gdnHCI. We find that, at both low and high pH, the heme
Trp 59 distances are similar;26.4 and~25.1 A, respec-
tively. The slight decrease in distance at high pH relative to
low pH could reflect some contribution from lysine 55
Epinding at high pH, in addition to the binding by lysine side
chains on the N-terminal side of the heme, as discussed
above. Therefore, we will use the low pH distance as a
reference point for comparison with the random coil predic-
tions of average hemeTrp 59 distance for a disordered chain
unning from His 18 to Trp 59 (42 residues). Flory’s
reatment of disordered polypeptide chairg 85, 36)
predicts that the average end-to-end chain separ&iggsm
coils 1S given by eq 9

R

random coil

CI°n (9)
where G is the characteristic ratio, a measure of chain
stiffness,n is the number of monomers in the polypeptide,
andl is the effective bond length of a polypeptide monomer
(I = 3.8 A). The characteristic ratio, Cis expected to be
most sensitive to glycine content, having a value~& for
polyalanine and~2 for polyglycine @5, 36). For the
sequence between His 18 and Trp 59, the glycine content is
~20%. The value for gis ~5.2 for 20% glycine content
(51), giving Reandom coi= (75M)¥2 = 56 A for a chain of 42
‘monomers. Our measured separation is about half this
distance, indicating substantial deviation from random coil
behavior under our denaturing conditions. This deviation
from random coil expectations is consistent with our previous
results on the chain length dependence of tg(qibs) for
denatured state loop formation in 3 M gdnHCI, which also
showed strong deviation from random coil behavid®)(

denatured state heme ligation, and the remaining 7 lysinespgne possible explanation for the substantially shorter Trp

together account for7% of denatured state heme ligation
at alkaline pH.

The shift in the Ky(obs) for AcQ4Q5 relative to AcTM

59—heme distance observed relative to random coil predic-
tions relates to the [gdnHCI] used in these experiments.
Previous studies show th& M gdnHCI is a® solvent

should be related to the change in the magnitude of the (polymerpolymer interactions and excluded volume are

partition function for hemeligand binding,Z (denominator

in eq 8), when Lys 4/5 are removed from the protein. For
AcTM, Z = 560.9 while for AcQ4Q5Z = 179.8. The change

in the KreL (eq 4) for ACTM versus AcQ4Q5 should go as
—log Z(AcQ4Q5) — (—log Z(AcTM) = 0.49. With KreL
becoming 0.49 units less negative in eq 4, thg(pbs)
should shift upward by 0.49 units. This is very close to the
observed upward shift of 0.58 0.08 units at 3:M protein

exactly counterbalanced) and thus is the [gdnHCI] where
random coil behavior is expected, ©). At lower concentra-
tions of gdnHCI, the interactions between the monomers in
the polypeptide are expected to dominate over excluded
volume effects leading to a more compact sta{ey. Also,
these are equilibrium measurements. Recent kinetic fluores-
cence energy transfer studies on dansylated (at Cys 102) iso-
1-cytochromec show that evenn 3 M gdnHCI a portion of

concentration (see Table 4). The close correspondence othe protein exists in a compact stag2) This compact/

the experimental and calculated shifts iK.fmbs) for AcTM

extended equilibrium in the denatured state will skew the

versus AcQ4QS indicate that the assumptions in eq 8 areaverage distancd?, measured by Trp 59/heme quenching

reasonable.
We note that the I§,(obs) for AcQ4Q5 appears to show

to somewhat shorter distances.
When His 54 is bound to the heme in the denatured state,

some concentration dependence (Tables 3 and 4). Use othe average Trp 59heme distance drops t620.7 A. Given

partition function analysis, as in eq 8, shows that lysines 11

the large decrease in the number of residues separating the
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heme and Trp 59 (down to 6 from 42), the small decrease recent results§3—56) indicating substantial population of

in the heme-Trp 59 distance is surprising. Eq 9 is not the
straightforward to apply at short chain lengths (i.e., 6
residues) because the magnitude gfinot constant and

is perhaps most useful to compare our measured distance of
~20.7 A for the His 54-heme ligated state to the expected
end-to-end distance for an extende@ ¢onformation)
polypeptide chain witm = 6, whereRexendeds= 3.5n = 21 3
A. Our measured value fdR is only slightly shorter than
the end-to-end distance for an extended polypeptide chain
of six residues. Recent resul&3(-56) suggest that denatured
proteins tend to occupy a polyproline Il structure, which is

nearly as extended as tffeconformation. The tendency to 6.

populate the polyproline Il structure is enhanced in gdnHCI
solutions 65, 57), as used for our measurements. The Trp

59—heme distance we observe for the His 54 bound state in 8.

3 M gdnHCl is consistent with these recent results regarding
the population of the polyproline Il state in disordered
polypeptides (fom = 6, R ~3.0n = 18 A, see re66). We
note, however, that some caution in interpreting the distance

in the His 54-bound state should be exercised since the short 11-

connecting chain length could limit the freedom of motion

of the heme relative to the Trp 59 in the His 54 bound state, 12
even though the protein is denatured. If the orientation factor,
«, were affected, our use of the same value for thesteo
characteristic distance for distance calculations in both the
His 54 bound and unbound states would be invalid.

CONCLUSION

In these studies, we have probed the pH dependence of

the constraints acting upon the denatured state of iso-1- 15.

cytochromec. The observed changes in these constraints
would be expected to affect the folding mechanism of this

protein. A combination of fluorescence and mutagenesis 1s.

studies demonstrates that lysines 4 and 5 are the predominate
heme ligands in the denatured state of this protein at alkaline
pH. For most cytochromes, Lys 4/5-heme ligation will
significantly change the topology of the denatured state from
C-terminal (His-heme ligation) to N-terminal hemdigand
loop constraints as the pH is raised. Partition function
analysis of the relative affinity of the lysine ligands in
cytochromec based on sequence position indicates that
lysines 4 and 5 will account for 68% of denatured state heme
ligation at alkaline pH, with other lysines providing 32% of
the heme ligation. Thus, substantial heterogeneity will exist
in the constraints operating on the denatured state of
cytochromec under alkaline conditions. Analysis of the
thermodynamics of competition between histidine and the
high pH ligands indicates that histidines (and the N-terminal
amino group, if not acetylated) will be the primary heme
ligands causing misfolding of iso-1-cytochroraefor pH
values below 8.0. Finally, evaluation of the henlap 59
distance in denatured iso-1-cytochromg using Faster
energy transfer theory, is consistent with the cytochreme
denatured stateni3 M gdnHCI being much more compact
than expected for a random coil, as observed for many
proteins ¢, 8, 10). The heme-Trp 59 distance data for the
His 54—heme bound denatured state indicate that for short
segments of polypeptide, the polypeptide conformation is
predominately extended. This observation is consistent with

N

10.

13.

14.

17.

18.

21.

22.

25.

6.

27.

polyproline Il conformation in disordered polypeptides.
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