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ABSTRACT. A double mutant cycle has been used to evaluate interaction energies between the global
stabilizer mutation asparagine 52 isoleucine (N52I) in iso-1-cytochromeand mutations producing

single surface histidines at positions 26, 33, 39, 54, 73, 89, and 100. These histidine mutation sites are
distributed through the four cooperative folding units of cytochram@&he double mutant cycle starts

with the iso-1-cytochrome variant AcTM, a variant with no surface histidines and with asparagine at
position 52. Isoleucine is added singly at position 52, AcTMI52 variant, as are the surface histidines,
AcHX variants, where X indicates the histidine sequence position. The double mutant variants, AcHXI52,
provide the remaining corner of the double mutant cycle. The stabilities of all variants were determined
by guanidine hydrochloride denaturation and interaction energies were calculated between position 52
and each histidine site. Six of the seven double mutants show additive (AcH33152, AcH39152, AcH54152,
AcHB89I52, and AcH100152) stability effects or weak interaction energies (AcH73152) of the histidine
mutations and the N52I mutation, consistent with cooperative effects on protein folding and stability
being sparsely distributed through the protein structure. The AcH26152 variant shows a strong favorable
interaction energy, 2.6 0.5 kcal/mol, between the N52I mutation in one substructure and the addition
of His 26 to an adjacent substructure. The data are consistent with an entropic stabilization of the
intersubstructure hydrogen bond between His 26 and Glu 44 by the lle 52 mutation.

Protein folding can be viewed at as a cooperative processbound water molecule (W166), simultaneously altering a
in which a single mutation can drastically affect the stability hydrogen bond network. In its place, Tyr 67 shifts toward
and functionality of a protein. Networks of residues have Thr 78, which causes their hydroxyl groups to hydrogen
been shown to be evolutionarily conserved in proteins where bond. This new network of hydrogen bonds, along with the
distant communication is necessary for protein functign ( loss of a buried water, greatly increases the stability in both
indicating that small, yet specific, changes in the sequenceoxidation statesq, 6).
of amino acid residues can drastically change the structure In the process of adding N52| to relatively unstable single
and function of proteins. Studies on the native-state hydrogenhistidine variants of iso-1-cytochrone this lab was able
exchange monitored folding of ribonuclease HI and cyto- to increase the stability of these variants and in turn
chromec have shown that mutations not only affect the site discovered differential cooperative activity between position
of the mutation but also portions of the protein distal to the 52 and two histidine mutation sites. When the N52I mutation
site of mutation, demonstrating that conformational energy was added to the variant AcH54 (N-terminally acetylated
can propagate across long distances in protef)s3J. variant of iso-1-cytochrome with a single surface histidine
Cytochromec, like many proteins, is known to have a two- at position 54, see re?), the free energy of unfolding
state thermodynamic transitiod)( which indicates that the  increased by~2 kcal/mol @); adding the same mutation to
folding pathway has a single transition state and is either the AcH26 variant 7) increased the stability by-4 kcal/
fully folded or unfolded. mol (8). What is the reason for the large difference in

A high-resolution three-dimensional X-ray structufg (  stabilization? Is the effect due to a favorable cooperative
for the mutation of asparagine at position 52 to isoleucine
(N521)* in iso-1-cytochrome is consistent with the ability ! Abbreviations: N52I, asparagine at position 52 changed to iso-
of this mutation to dramatically increase the stability of the leucine; AcTM, variant of iso-1-cytochronwawith no surface histidines

i i i i and with N-terminal acetylation, relative to the wild-type sequence this
protein @). The mutation of Asn to lle displaces an internally orotein carries the mutations, 76)S. KC-2)L. H26N, H33N, H390
C102S; AcTMI52, AcTM variant of iso-1-cytochrome with an
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interaction between positions 26 and 52, or a negative 2
cooperative interaction between positions 52 and 547? 41
-6
8

Thermodynamic cycles have been used to discern how
functions in proteins are linke®). They have been utilized
to investigate ligand binding and protein folding as well as
mutational effects on structurdunction relationships in
proteins. To look at the effect of one mutation in a protein
and how the mutation affects other sites, either near the site
of mutation or further along in the amino acid sequence, 7181
double mutant cycles have been utilized. This method allows 201
for investigation of how mutations interact to change the 221
global stability of the proteini0—12). The double mutant 24
cycle technique is employed here to look at the effect of lle
52 on a large set of single histidine variants distributed Ficure 1: Denaturation curve for AcH89152 iso-1-cytochrome
throughout the structure of cytochromeUsing this set of at pH 7.0 (20 mM Tris, 40 mM NaCl) and Z&. EIIiptic)i/ty ot 209

double mL_Jtant cycle_s_, we have observ_ed th_at strong engrg_etiq.]m is plotted against [gdnHCI]. The continuous curve is the
connectivity of position 52 to other sites in the protein is nonlinear least-squares fit to eq 1.

sparsely distributed, as is observed using evolutionary

AcH89I152

05, (mdeg)

0 | 2 3
[gdnHCI] (M)

methods {). by using a Hamilton Microlab 500 series titration system,
which automatically withdraws a small volume of the sample
MATERIALS AND METHODS and replaces it wit 6 M gdnHCI containing the same Tris/

NaCl buffer and 4:M protein. The concentration of gdnHCI

Site-Directed Mutagenesigor preparation of ACHXI52  ranged from 0.0 to 3.5 M in increments of 0.1 M, except in
variants, single-stranded pRS/C7.8 DNA containing the the transition region where the increments were 0.05 M. The
ACTMI52 variant of iso-1-cytochrome was used as a  sample cell was maintained at 250.1°C using a circulating
template for oligonucleotide directed mutagenesis using theater bath (ThermoNESLAB RTE7) and jacketed cell
method of unique restriction site eliminatioh3j as previ-  holder. The ellipticity as a function of concentration of
ously described 7, 14). Mutated DNA sequences were gdnHCI, [gdnHCI], was fit to a two-state unfolding model
confirmed using a Beckman CEQ8000 automated DNA yjth SigmaPlot, v. 7, software using nonlinear least-squares
sequencer and the mutated double-stranded DNA was themmethods (Figure 1, eq 1, see idf
transformed into the cytochroneadeficient GM-3C-2 strain
of Saccharamyces cersiaeand the functionality of the iso- 02, + { (02 + mD[gdnHc|])e('"[gd““°']*AGU(HZO))’RT}
1-cytochromec variant confirmed by phenotypic screening 6 = (mgdnHCI—

: . 1 + @(MgdnHCI-AG(HO)/RT

(15). A curing procedure was then used to confirm that the (1)
cytochromec was being expressed from the pRS/C7.8
phagemid {5, 16). The pRS/C7.8 vector was then rescued  Equation 1 fits native state#9{) and denatured staté
from theS. cereisiaecells and resequenced to determine if + mp[gdnHCI]) baselines as well as the unfolding transition
unwanted mutations occurred, under the conditions of region simultaneously, assuming a linear dependence of free
selective pressure used to express iso-1-cytochoamgeast energy on [gdnHCI] (eq 2, see réB).
(16). All variants contain the mutation C102S to prevent
intermolecular disulfide bond formation during physical AG, = AG,(H,0) — m[gdnHClI] (2)
studies.

Protein lIsolation and Purification.Yeast media was
inoculated in a New Brunswick BioFlo IIC fermentor with
yeast carrying the mutated cytochromegene in the pRS/
C7.8 vector; the yeast cells were grown to saturation. The
cells were then harvested and lysed using a 2:1 mixture of
1 M NaCl and ethyl acetateld, 16). The lysate was
separated from cell debris and treated with 50% ammonium
sulfate followed by dialysis using 3500 MW cutoff dialysis
tubing in 12.5 mM sodium phosphate buffer, pH 7.2, 1 mM
EDTA, 2 mM p-mercaptoethanol. CM sepharose cation
exchange chromatography and high-resolution cation ex- Equation 3 defines the interaction energy’Gi, for the
change HPLC further completed purification of the proteins interaction of two side chains in the double mutant cycle
(16, 17) ) _ ) used here10).

Stability Measurement®rotein unfolding was monitored
by circular dichroism spectroscopy (Applied Photophysics AZGim = AAGygpie — (AAGgingie1 T AAGginged (3)
PiStar 180 spectrometer), using the ellipticity value at 222
nm and a baseline reference at 250 nm. Titrations were Calculation of Interaction Energy ErroiThe experimental
carried out with 20 mM Tris, pH 7.0, and 40 mM NaCl as error of AGy(H;O) is the standard deviation of three separate
buffer. The protein concentration was approximatejyV. experiments. When calculating the interaction energies,
The concentration of gdnHCI in protein samples was adjusted A°Gjy;, there is an accumulation of errors. The erroAiG;.;

The values for stability in wateAGy(H-0), and denaturant
dependence of the free energy of unfolding\alue) were
determined from the fits of the data to eq 1. The errors
reported are the standard deviation for three separate experi-
ments.

Calculation of Interaction EnergieS.he energy of inter-
action is defined as the difference between the stability
change caused by double mutatioNAGgoune and the
summed stability effects of the single mutatioBAAGgingie
(Figure 2). To examine the interactions of multiple side chain
residues, Fersht and HorovitkQ) laid out a general theory.
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A,AGISZ Table 1: Thermodynamic Parameters from GdnHCI Denaturation of
(single 1) Iso-1-cytochromes Variants
AcTM > AcTMI2 AGy(H:0)P m-value
variant (kcal/mol) (kcal/mol M) Cu? (M)
AAGy AcTM® 3.93+0.15 3.71+£0.18 1.064+ 0.04
AAGrx 2| MGy ¢ pix ACTMIS2 6.63+0.23  3.82£019  1.74+0.06
(single 2) (double)
AcH2¢ 4.714+0.16 4.63+0.15 1.0240.03
AcH33 3.85+ 0.06 427+ 0.11 0.90+ 0.01
AcH3& 3.164+0.15 4.27+0.15 0.744+ 0.04
o AcH54° 1.70+ 0.08 3.93t 0.20 0.43t 0.02
AcHX G > AcHXIS2 ACHTZ 2254004  279£009  0.81+0.01
HX+152 AcH8® 2.0440.06 3.67+0.07 0.56+ 0.03
Ficure 2: Thermodynamic cycle used to evaluate the possible AcH100 2.81+0.07 3.46+ 0.08 0.81+ 0.02
interactions between the single histidine mutations (HX) and lle
52 (152). Free energies were determined from circular dichroism ﬁg:gg:gg gi;i 8'%‘71 i'?% 85 ig;‘i 8'82
data and th\AG values AG(H:0)nal — AG(HO)nia) are the - acpizgis2 6294025 439026 143+ 0.06
change in free energy of unfolding between the variants. AcH54152 3.93+ 0.02 3,96+ 0.02 0.99+ 0.01
. AcH73I152 4.40+ 0.08 3.71+£ 0.01 1.184+ 0.02
is equal to the square root of the sum of the square of the AcH89I52 4.43+0.10 3.53+0.21 1.25+ 0.02
error in each component. Each stability change is defined AcH100I52 5.514+0.15 3.66+0.17 1.5140.04
asAAG = AGy(H20)mutant— AGuW(H20)actm; therefore, each a All data collected at 23C in 20 mM Tris, pH 7.0, 40 mM NaCl.

component of the equation f&?G;; above has the common  °Free energy difference between the native and denatured states in

constituentAG,(H-O)actm. Substituting the expression for units of kilocalories per mole. Them-value is the change in free energy
. : 2. with respect to the change in [gdnHCY]Midpoint concentrationCy s,
AAG into the equation foA*Gi we have is the [gdnHCI] at which half of the protein is denatured in units of

molar.® Data from ref7.

AGip = AG(H;0)goupte ™ AG(HoO)acrm —

{(AG,(H0)singler~ AG(H0)actm) T In previous work 7), seven single histidine variants of

(AG,(H;0)singiez— AGy(H:0)perw)} (4)  cytochrome were constructed placing histidines at positions
26, 33, 39, 54, 73, 89, and 100, and their stabilities measured.

After AGy(H20)actu terms are canceled, the equation can In this work, a second mutation was made to these single

be rearranged to histidine variants, at position 52 and the stability was
measured (Table 1); these values correspond to the bottom
5 ) o
A%Gypy = AGy(H,0)g0up1e— AGL(H20)gingier— two corners of the thermodynamic cycle. Stability data for

ACTM (7) and AcTMI52 provide the top corners of the
thermodynamic cycle. In previous studies, it was shown that
) ) ) the N-terminal amino group of cytochrome&ompetes with
Therefore, the error iMA*Giy for AcHXIS2 variants is  pistidine for binding to the sixth coordination site of the heme
determined by eq 61Q): under denaturing conditionsl9); therefore, the variants
studied all have an acetylated N-terminal amino group which

A(-""u(HZO)singleZ+ AGu(HZO)AcTM (5)

(Oac (H,0), blf + (Opc,H,0), I1)2 + alleviates this problem. At pH 7.0, in the denatured state,
OpG,, = o 2”+ onoe , (6) the sixth coordination site of the heme is occupied by water
(UAGU(HZO)SingIe) (GAGU(HZO)ACTM) (AcTM, AcTMI52) or by the single surface histidine (AcHX,

AcHXI52), as indicated by studies of loop formation in the
In general, A?G; is ~0.4 kcal/mol for the experiments  denatured stat&(8). The fifth coordination site of the heme
reported here. Therefore, whex¥G falls in the range of  is occupied by His 18 in both the native and the denatured
+0.4 kcal/mol the effects of adding 152 and a single surface state.

histidine to the ACTM variant are additive. Guanidine Hydrochloride Denaturation DatA.summary
RESULTS of the gdnHCI denaturation data for all single histidine
mutants, double mutants (see also Figure 1), AcTM, and
Creating a thermodynamic cycle of double mutants of AcTMI52 is given in Table 1. StabilitiesAG,(H20)) of the
cytochromec allows us to look at possible interactions single histidine variants varied from 1.70 to 4.71 kcal/mol.
between single histidine mutations (positions 26, 33, 39, 54, Only one of the variants (AcH26) has a stability higher than
73, 89, and 100) and a stabilizing mutation at position 52 AcTM. The m-values of the single histidine variants range
(lle 52). Figure 2 shows the thermodynamic cycle that was from 2.79 to 4.63 kcal/mol M. The midpoint concentration,
constructed. The cycle starts with AcTM, a variant of iso- Cy;,, range is 0.431.02 M. Adding the asparagine to
1-cytochromec with no surface histidines. The upper isoleucine mutation at position 52 increased the stability
horizontal branch adds an isoleucine at position 52, the left range to 3.93-9.37 kcal/mol. All of the AcHXI52 variants
vertical branch adds a single histidine at position X, and the show an increase in stability compared to their AcHX
remaining vertical and horizontal branches add the secondcounterparts, but only AcH26152 showed an increase when
mutations to complete the thermodynamic cycle. The free compared to AcTMI52. Then-value range for the double
energy of unfolding was determined for each protein in the mutants is 3.534.99 kcal/mol M. The midpoint concentra-
cycle using CD spectroscopy and the corresponding freetion rangeCy,, for double mutants is 0.991.88 M. In both
energy of interaction was determined using eq 3 the single mutants and the double mutants, Alt&,(H,0)
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6 negative value, the positions of mutation have a negative
effect on each other. AcH26152 has a large posith&S,

51 indicating reinforcing interactions between the mutations at
positions 26 and 52. It should be noted that it cannot be

41 determined directly from double mutant cycle analysis
4 whether the positive\’G;; between positions 26 and 52 is

Ack26132 due to a stabilizing interaction in the native state or a
destabilizing interaction in the denatured state. The other

AcH33152

ZAAG . (keal/mol)

27 —4—1AcH39152 HisX/152 pairs giveA?G,; within error of zero. Therefore,
AcH73152 ACHI00152 the N52I mutation stabilizes these single histidine variants,
1 _ - . - e .
1 #‘ CHSOIS2 however, there is no added interaction positive or negative.
AcH54152¢H

It is possible that a small negative interaction could be taking
0 | > 3 . 5 s place between positions 73 and 52, due to a slightly negative
AAG 5, (kcal/mol) A?Giy (see Table 2).

FIGURe 3: Plot of ZAAGsingie (kcal/mol) versusAAGgousie (kcal/
mol). The solid line is the theoretical line with a slope of one for
additive effects of the two mutations.

0

DISCUSSION

Denatured State Effects on the Thermodynamic Cycle.
Table 2: Interaction Free Energy Data for Single Histidine, Hammack et al. K) U_Sed [Ka(0bs) values to look at the
Isoleucine 52, Double Mutants strength of the histidineheme bond under denaturing
conditions. They observed a trend in which the most stable

a . b 203, C
double mutant_ AAGaousé ZAAGsnge A% loop to be formed (lowestiy(obs)) occurs with the AcH54
ﬁgngg:gg 3223 g:gg —0.21& 8:2 variant. Increasing loop sizes (His at positions 73, 89, and
AcH39I52 2.36 1.93 0.4-05 100) decreased loop stability linearly as a function of the
AcH54152 0.00 0.47 -0.5+04 logarithm of loop size, whereas decreasing loop sizes (His
AcH73I52 0.47 1.02 —0.6+0.4 at positions 39, 33, and 26) also decreased loop stability.
AcH89152 0.50 081 —0.3+£04 This trend indicates a strong denatured state stabilization with
AcH100152 1.58 1.58 0.6 0.4

a histidine in position 54 and less stabilization going out in

a Difference in free energy between the free energy of the protein either direction from this sequence position. This phenom-

with double substitutions and the free energy of the AcTM variant,

AAG = AGy(H:0)oune — AGu(H20)acrur. ® The sum of theAAGsinge enon is unaffected by the 152 _mutatio_n; th_e denz_itu_red state
values of corresponding single substitutions, WheXAGginge = pK4(0obs) values for loop formation are identical, within error,
AGy(H20)singie = AGy(H20)acTm. © A?Gint = AAGdouble = ZAAGsingle for corresponding AcHX and AcHXI52 variants in 3 M

gdnHCI @8, Wandschneider and Bowler, unpublished results),

and Cy, values decrease as the histidine is moved further indicating no significant effect of the N521 mutation on
from the site of heme attachment to the polypeptide chain denatured state energetics. Stability experiments are per-
(Cys 14, Cysl7), reaching a low point for His 54, then formed at pH 7.0 to ensure that the primary ligand to the

increasing again. Also notable is a steady decrease inheme under denaturing conditions is histidine. Interestingly,
mvalues as the denatured state histidine heme loop sizethe denatured state data mirror the observed trends in global

increases. stability for both the single histidine variants and their 152
Additizity of Stability. The stability changes for double counterparts. There is a definite minimum in global stability
mutants relative to ACTMAAGuous are compared to the with position 54 variants (most stable denatured state) in both
sum of the stability changes of corresponding single mutantsthe A(_:HX variants and once |52“'S add.ed" (seg Table 1).
(SAAGqingd, by plotting SAAGgnge against the stability L|k¢W|se, poth larger anq .smalle( loop size” variants show
changes of double mutantsAGaoue (Figure 3). The solid &N increasing global stability moving away in both dlre(;tlons

line in Figure 3 is the theoretical line with a slope of one on TOM Position 54. The same trend observedAgs,(H0) is
which all points would line up if additivity were ideal. Data  2/SC S€en i€y (Table 1) The correlation of denatured state
points above the line correspond to negative interaction 0P Stability with theAG.(H,0) and theCy, values indicates

energies and those below correspond to positive interactionshat the denatured state strongly impacts global stability for
energies. A linear regression of tBEAAGqnge versus the ~ hese variants.
AAGgounedata points gives a slope of 0.68 andranf 0.94. There is also significant evidence tatvalues are related
Most of the data points line up with the theoretical line, to the extent of compactness or residual structure in the
indicating a uniform trend of additive stability with the denatured state2(, 21). A histidine ligated to the heme in
addition of lle 52. AcH26152 deviates strongly from the ideal the denatured state of iso-1-cytochroo@rms a loop that
line, indicating a strong positive interaction between the constrains the polypeptide. As a result of this constraint, a
mutation at position 26 and the mutation at position 52.  more compact denatured state is believed to be formed. The
The calculated energies of interactick?Gi,, are shown decrease inm-values as loop size increases was seen
in Table 2. If A2G is equal to or less tha#0.4 kcal/mol, previously for single histidine variant3)( and is observed
the calculated error, then the double mutant is considered tohere for the double mutation variants. This observed trend
have additive stability effects and no significant interaction in nMvalues is also consistent with an impact of the denatured
energy exists between the two mutations.AfG,; is a  State on overall stability.
positive value, the interactions between the positions of Do these denatured state effects on stability have an impact
mutation reinforce each other. Conversely AfG is a on A’Gi? To determine this, we must carefully consider
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both the thermodynamic cycle (Figure 2) and the equation
for interaction energy (eq 3). When a histidine is present in
a variant a loop is formed in the denatured state and the
denatured state stability is affected. If there is no histidine,
no loop can form (at pH 7.0) and no loop related effects on
denatured state stability can occur. The teRGyouple IS
defined as the difference between the free energies of
AcHXI52 (loop formed) and AcTM (no loop formed) and
therefore contains one denatured state loop formation factor.
The termZAAGsing|e is the sum OfAAGSing|e 1(AGAcTM|52 -
AGpctm, N0 loops) anAAGsingie 2(AGacix — AGacrm, l00p
formed for AcCHX). Since&XAAGsingie CONtains one denatured
state loop effect and it is subtracted fraf\ Ggoupie Which
also contains a single denatured state loop effect factor, then
the two denatured state loop factors should cancel each other
out and therefore have no effect on the interaction energy
calculation. As indicated above, the N52I mutation does not
significantly affect that stability of the denatured state, since
experiments on the thermodynamics of denatured state loop
formation show similar &.""(Obs) values for corre_spondlng FIGURE 4: Substructures of horse cytochromecolor coded in
AcHX and AcHXIS2 variants T, 8, Wandschneider and  oqer of increasing free energy level (red, yellow, green, and blue,
Bowler unpublished resulisSince corresponding AcHX and  see reR2), superimposed on the structure of yeast iso-1-cytochrome
AcHXI52 variants are always being compared in each double ¢. Amino acids His 26, Asn 31, Glu 44, and lle 52 are depicted
mutant cycle (for example, AcH26 and AcH26I52), the ‘é"gh 5.‘(;‘3'( rtlapr(_asenta(tjiot?]s. J hekgydrogerllo bonldsf tgltwfi‘i” tk:jeﬂl;lis
cancellation of the denatured state loop effect described amilcrineI h?lﬁoo?ﬁr\?r? 3a1nare ghosvcn wci)tr;ledgirheodnﬁngs. Inuthe oa>l<ri]dize((:1e
above should be nearly exaat.3 M gdnHCI, the denatured  N521, C102T iso-1-cytochrome structure §), pdblcrg.ent, the
state K (obs) for lysine-heme loop formation is 7.6 distance of closest approach between the side chains of histidine
0.05 for AcTM (14) and 7.63+ 0.03 for AcCTMI52 26 and isoleucine 52 is 11.78 A.
(Wandschneider and Bowler, unpublished results) indicating cytochromec are quantitatively consistent with those for the
no detectable effect on the open loop form of the denaturedred substructure of horse heart cytochrang22). Therefore,
state of iso-1-cytochrome due to addition of the N52I  there is substantial evidence that the substructures defined
mutation. Thus, our denatured state histidiheme and  for horse heart cytochrome can, for the most part, be
lysine—heme loop formation assay¥,(14) provide no applied to the yeast protein.
evidence for an effect of the N52I mutation on the energetics  In our double mutant cycle study, we have included surface
of the gdnHCI denatured state of iso-1-cytochrome histidines from each of the substructures defined for the horse
General Obserations onA®G;.. Horse heart cytochrome  protein, allowing cooperative interactions between position
c is known to have four folding units called substructures. 52 and all substructures to be probed. Three of these
They have been color coded in order of increasing free histidines are part of the wild-type sequence (positions 26,
energy level red to blue as follows: red,785 loop; yellow, 33, and 39). Position 52 is located in the yellow substructure.
36—61 loop; green, 2635 loop and 60’s helix; and blue, We find that five out of seven of the double mutation variants
amino terminal helix and carboxyl-terminal helix (Figure 4, give additive effects for the two mutations, within error,
ref 22). Hydrogen exchange experiments as a function of consistent with the observation that pathways of strong
[gdnHCI], used to define these substructures, have not beerallosteric energetic conductivity are spar&g Only His 26
performed on yeast iso-1-cytochronee although NMR- has a strong positive interaction energy with the lle 52
monitored hydrogendeuterium exchange data in aqueous mutation, whereas His 73 shows a weak negative interaction
buffer show a qualitative link between the substructures of with the lle 52 mutation.
horse heart cytochroneand yeast iso-1-cytochroneg23). Negative Interaction between Positions 52 and A8H73
For oxidized iso-1-cytochromeg the most protected section deviates from the trends seen in free energies, midpoint
of the protein is the N and C terminal helices, and next concentration, and+value, but with the addition of 152, the
protected is loop A and the 60’s helix which is consistent double mutant conforms to the trends in these parameters.
with the blue and green substructures found in the horselt has been shown previously that a His 73 variant has a
protein. However, a discrepancy is seen when comparingthree-state alkaline conformational transition, which is
the red and yellow substructures in yeast versus horse. Muchconsistent with CD-monitored unfolding occurring from a
of the yellow substructure is poorly protected against partially unfolded state2d—27). The AcH73 variant likely
hydrogen exchange in yeast suggesting that it may be lesshehaves similarly, which is apparent from the lowvalue
stable than the red substructure in yeast iso-1-cytochome observed for this variant (Table 1). With isoleucine at
(23). Recent work done in this lab on the alkaline confor- position 52, the His 73 variant appears to unfold from a fully
mational transition of a His 73 iso-1-cytochroroevariant native state Z6). Since the AcH73 and AcH73I52 variants
also indicates that the red substructure acts as a cooperativare not unfolding from the same native state, the small
folding unit in yeast iso-1-cytochrome (24—26). The negative value foA?Gi; should be interpreted with caution.
thermodynamic parametersHvalue, AC,, see ref24 and Positive Interaction between Positions 26 and. 5®s
25) for the His 73 driven partial unfolding of His 73 iso-1- discussed above, none of our denatured state dag 14)




10664 Biochemistry, Vol. 42, No. 36, 2003 Wandschneider et al.

provide evidence that interactions in the denatured state causémplying that the N521 mutation has no significant effect
the strong positiveA?G;,; between positions 26 and 52. on the denatured state in the presence of gdnHCI. Our
Therefore, we focus our attention on the native state structurehistidine—-heme loop formation datani3 M gdnHCI for

to provide an explanation for the observgt,. A histidine AcHX versus AcHXI52 variants (see above) are also
at position 26 is highly evolutionarily conserved (in 87 out consistent with no effect of the N521 mutation on the gdnHCI
of 96 mitochondrial cytochromes see ref28) making it denatured state. Thus, the effect of the N52I mutation on
important for the structure and function of the protein. His the denatured state of yeast cytochromesppears to be

26 is not directly involved in regular secondary structure such specific to thermal denaturation conditions. While we cannot
as a-helix and -sheet; however, the imidazole group of eliminate the possibility of denatured state contributions to
histidine 26 forms a hydrogen bond with the backbone A2Gj that are beyond the detection of our denatured state
carbonyl group of Glu 44 as well as a backbone amide loop formation assay7( 8, 14), based on the available data,
nitrogen atom of Asn 31 (Figure 4, see 24). Mutational the native state interactions described above provide the best
studies in which His 26 was replaced by other amino acids explanation for the strong allosteric interaction between the
suggest a decrease in stability and in the ability of the protein N521 mutation and His 26. These native state interactions
to function; these effects have been attributed to an increaseare, therefore, expected to be an important contributor to the
in the mobility of surface loops30—32). In analysis of ligand  global stabilizer effect of this mutation in wild-type iso-1-
mediated cooperative interactions between domains, Freirecytochromec (6).

and co-workers33) showed that stabilization of a less stable  Previously published urea denaturation data for rat cyto-
domain strongly enhanced the stability of a more stable chromec (32) can also be used in a double mutant cycle to
domain through cooperative interactions. Communication of calculate an interaction energy?Giy, for the mutational
stability downward from the more stable to the less stable introduction of lle 52 and His 26. Starting with a Val 26
domain was less effective®). Position 26 is found in the  Asn 52 variant, single mutations to His 26 or lle 52 increase
green substructure of cytochromenhich is the second most  AGy(H,O) by 3.8 and 1.9 kcal/mol respectively. Simulta-
stable substructure, whereas position 52 resides in the secondeous introduction of both mutations increases stability by
least stable substructur@?). A similar mechanism for  only 0.6 kcal/mol, givingA?G;,y = —5.0 kcal/mol, a large
allosterism could be operative between the histidine at unfavorable interaction energy. The strong interaction of
position 26, which resides in a more stable substructure andthese mutations is consistent in both rat and yeast although
the isoleucine at position 52. The addition of lle 52 to the the direction of the interaction is opposite. Addition of lle
less stable substructure could reinforce the His 26 in the more52 to the His 26 containing rat cytochromelecreased the
stable substructure, and add to the overall global stability of uream-value to~60% of its value in the His 26 protein.
the double mutant protein. Although, this analysis indicates The introduction of lle 52 has no effect on thevalue in

that a cooperative interaction between lle 52 and His 26 could yeast iso-1-cytochrome (see Table 1), except for the
easily occur, similar effects are not observed for other AcH73/AcH73152 pair, as discussed above. The strong loss
histidines in more stable substructures, His 89 and His 100.in cooperativity (decrease m-value) in the rat cytochrome
Therefore, the reason for a cooperative effect on stability c when the lle 52 is added to His 26 indicates that the effects

must be more specific. of lle 52 are very different from yeast. There are numerous
Without an isoleucine at position 52, X-ray diffraction, amino acid substitutions in the yellow substructure of yeast
NMR monitored hydrogen/deuterium exchange, &b iso-1 versus rat cytochrome(residues 39, 40, 44, 46, 53,
relaxation data have shown that the yellow substructure is 54, 56-58, and 60, see r&¥8). This number of substitutions
the most dynamic part of oxidized iso-1-cytochrom@3, alone could impact energetic communication between posi-

29, 34, 35). The dynamics of the yellow substructure would tions 26 and 52. However, position 44 in the yellow
be expected to weaken the hydrogen bonding between Hissubstructure, which hydrogen bonds to the side chain of His
26 and Glu 44 in this substructure and therefore lower 26, is a valine in rat versus a glutamate in yeast iso-1. It is
stability. The X-ray structure of N52I, C102T iso-1-cyto- possible that the increased rigidity in the yellow substructure
chrome ¢ indicates that the 152 mutation specifically induced by the 152 mutation5 makes hydrogen bond
stabilizes the yellow substructure, forming a new hydrogen formation less favorable due to the additional steric con-
bonding network and reducing substructural fluctuati®n ( straints imposed by g-substituted residue at position 44 in
This increased rigidity should decrease the entropic cost ofrat cytochrome. It is also possible that lle 52 and His 26
forming the Glu 44/His 26 hydrogen bond. Therefore, a interact so as to stabilize the denatured state of rat cyto-
strong interaction energy between the N521 and N26H chromec in urea. However, unlike the yeast prote8) 86,
mutations is expected. Similar entropic effects have been37), no data are available concerning the effect of the N52I
used to explain interaction energies in three residue saltmutation on the denatured state of the rat protein.
bridges (0). It has been suggested that the rigidity in the-38 loop

For thermal denaturation of iso-2-cytochrorog36), a of the green substructure is important for functi@0)( This
thermodynamic cycle involving direct electrochemical reduc- suggestion is based on the decrease in cytochmfionection
tion of the N52| variant in both the native and the denatured when His 26 is replaced, leading to loss of the hydrogen
state indicates that a significant destabilization of the bonds to the main chain atoms of Asn 31 and Glu 44. The
denatured state of the N52I variant relative to the wild-type deleterious effect of loss of rigidity when His 26 is replaced
protein contributes to the stabilizing effect of this mutation. is believed to be most important for the interaction with
The authors note that similar effects on the electrochemical cytochromec reductase 30). Even though addition of lle
reduction of the denatured state are not observed for the N52I52 to the His 26 protein likely increases rigidity, this property
mutation under gdnHCI denaturation conditiors,(37), appears not to have been selected for. (In fact, position 52
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is strictly conserved as Asn in 96 mitochondrial cytochromes
c, see ref28) Thus, it would seem from an evolutionary
standpoint that cytochronemay require a balance between
rigidity and flexibility to be optimized for interactions with
its various redox partners.

11.

SUMMARY

In conclusion, we used a set of double mutant cycles to
investigate interactions between surface histidines and a
global stabilizer mutation for iso-1-cytochromeN52I. The
data show that strong stabilizing allosteric cooperative

interactions are sparsely distributed throughout the protein. 14

Only a single sequence position, out of the seven investi-
gated, interacts other than additively with the 152 mutation.
The strong favorabl&?G;; observed between 152 and H26

is consistent with entropic stabilization of an intersubstructure
hydrogen bond between His 26 in the green substructure of
cytochromec and Glu 44 in the yellow substructure of
cytochromec. The results are also consistent with upward
propagation of stability from dynamic, or less stable, portions
of a protein to more stable portions of a protein.

Note added in Proof: After this paper was accepted for
publication, Englander and co-worke8] published more
extensive hydrogen exchange data on horse heart cytochrome
¢ which indicate that the lle 52 mutation is within a newly
defined substructure referred to as the nested yellow (N-
yellow) substructure. The N-yellow substructure is less stable

than the red substructure placing the lle 52 mutation in the 20.

least stable substructure of cytochroroe This revised
placement of the lle 52 mutation within the hierarchy of
cooperative folding units of cytochroneedoes not substan-
tively affect the conclusions of this paper. However, the
newly defined N-yellow substructure removes the main
qualitative inconsistency between the hydrogen exchange
data for yeast iso-1-cytochrome and the substructure

hierarchy observed for the horse protein, strengthening the 24.

case that the substructures observed for horse cytochrome
may be applied to yeast iso-1-cytochrome

25.
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