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ABSTRACT. Cooperativity mediated through hydrogen bond networks in yeast iso-1-cytoctoavas

studied using a thermodynamic triple mutant cycle. Three known stabilizing mutations, Asn 26 to His,
Asn 52 to lle, and Tyr 67 to Phe, were used to construct the triple mutant cycle. The side chain of His
26, a wild-type residue, forms two hydrogen bonds that bridge two substructures of the wild-type protein,
and Tyr 67 and Asn 52 are part of an extensive buried hydrogen bond network. The stabilities of all
variants in the triple mutant cycle were determined by guanidine hydrochloride denaturation methods and
used to determine the pairwis&2G, and triple interaction energies. His 26 and lle 52 interact
cooperatively A2Gi; is 1—2 kcal/mol), whereas the two other pairs of mutations interact anticooperatively
(A®Gi is —0.5 to —1.5 kcal/mol). Previously reported structural data for iso-1-cytochronaariants
containing these mutations show that changes in the strength of the His 26 to Glu 44 hydrogen bond,
apparently caused by changes in main chain dynamics, provide a mechanism for the long distance (His
26 to Phe 67 and His 26 to lle 52) propagation of pairwise interaction energies. Opposing changes in the
strength of the His 26 to Glu 44 hydrogen bond caused by the N52| and Y67F mutations generate a
negative triple interaction energy-0.9 +0.7 kcal/mol) that combined with cancellation of cooperative

and anticooperative pairwise interactions produce apparent additivity for the stabilizing effects of the
single mutations in the triple mutant variant.

Cytochromec is known to have an extensive buried mutation at position 26 from asparagine to histidine (N26H)
hydrogen bond network at the interface of several of its will also be investigated. In wild type (WT) iso-1-cytochrome
cooperative units. In particular, the least stable (nestedc, position 26 is a histidine, it is in the green substructure,
subyellow or N-yellow) and second most stable (green) and its side chain makes two hydrogen bonds that bridge
substructures contribute to this network (see Figure 1; refsthe N-yellow and green substructures (see Figure 1). From
1 and 2). To investigate the role of this hydrogen bond a thermodynamic perspective, we will be looking at the effect
network in the cooperativity of cytochromefolding, we of introducing this native residue into iso-1-cytochrome
have made mutations at residues in the N-yellow and greenGiven the substructure bridging hydrogen bond of the His
substructures that will disrupt the hydrogen bond network. 26 side chain, these three mutation sites will also permit
We have used iso-1-cytchrome from Saccharomyces investigation of how changes in a buried hydrogen bond
cerevisiaefor this purpose. Within the N-yellow substructure, network impact a distant intersubstructural hydrogen bond
we have mutated position 52 from an asparagine to an (for distances between mutation sites, see Figure 1). In
isoleucine (N521}, and within the green substructure, we addition, these mutations were chosen because all are known
have mutated position 67 from a tyrosine to a phenylalanine to significantly stabilize iso-1-cytochrome (3—6), and
(Y67F) to disrupt the buried hydrogen bond network. A third structural data is available for iso-1-cytochromeariants
containing each or both of the N52I and Y67F mutations,
T Acknowledgment is made to the donors of the Petroleum Researchas well as for the WT protein/9).
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! Abbreviations: CD, circular dichroism; AcTM, iso-1-cytochrome . ; ;
¢ variant (T(-5)S, K(-2)L, H26N, H33N, H39Q, C102S) that has been S€Veral hydrogen bonds: Wat 166 to Thr 78 side chain

acetylated at the N-terminus to prevent it from binding to the heme hydroxyl (OG1), Wat 166 to Tyr 67 (OH group), Wat 166
under denaturing conditions as described in1&fN521, mutation of to Asn 52 side chain NEH(ND2), and Tyr 67 (OH) to Met
Asn 52 to lle; Y67F, mutation of Tyr 67 to Phe; N26H, mutation of g side chain sulfur (SDY( 8). Because of the displacement
Asn 26 to His; AcH26, AcTM protein with the N26H mutation; Acl52, f Wat 166 (h d)7( ) bond is f d bpt th
AcTM protein with the N52I mutation; AcF67, AcTM protein with 0 a » @ New hydrogen bon I$ Orme_ etween the
the Y67F mutation; AcH26I52F67, AcTM protein with all three hydroxyl group of Tyr 67 and the side chain of Thr 78
previously mentioned mutations; Acl52F67, AcTM variant with the  (OG1). The hydrogen bond between Asn 52 (ND2) and the
N521 and Y67F mutations; AcH26152, AcTM variant with the N26H ; ;

and N52I mutations; AcH26F67, AcTM variant with the N26H and heme pyrmle A proplonz_ate (O2A) obs_erved In.the reduced
Y67F mutations; WT, wild-type protein; Wat 166, water molecule 166; State of iso-1-cytochroneis not present in the oxidized state

Wat 300, water molecule 300; gdnHCI, guanidine hydrochloride. of the WT protein and has been associated with a large
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Ficure 2: Triple mutant thermodynamic cycle used to investigate
the energy of interaction among the double and triple mutant
variants. The free energy of unfolding for each variant in the cycle
was determined by gdnHCI denaturation methods monitored by
circular dichroism. The double and triple interaction energies in
the mutational cycle were determined using eg$ 3n Materials

and Methods.

FicurRe 1: Yeast iso-1-cytochromein the oxidized state with the ; - ; ; :
N52I and Y67F mutations, shown with the substructure classifica- break in the oxidized Y67F protein as it does in the WT

tions of horse cytochrome according to refsl and 2. The protein, causing the dynamics of the main chain to be
substructures are color coded gray (N-yellow, residuessA), red significantly lower beyond residue 47 in the sequence. The
(residues 7485), yellow (residues 3739 and 58-61), green (60's  double mutation involving these two residues, N52I/Y67F
helix and 20’s-30’s loop), and blue (N- and C-terminal helices), in (7), brings about the displacement of the Wat 166 molecule

the order of increasing stability. The amino acids, His 26, lle 52, : . .
and Phe 67, are shown with stick models in the color of the and compression of the internal cavity to 8 @00 small

substructure in which they are contained. Glu 44 and Asn 31, which for a HO molecule). The only hydroge_n bond that remains
participate in the intersubstructural hydrogen bond between the in the buried hydrogen bond network is between the heme

N-yellow and the green substructures, mediated by the side chainpyrro|e D propionate (O1D) and Thr 78 (OG1).

of His 26, are shown as stick models colored by element. Double- . . .
ended arrows are used to show the distances, in angstroms, of From thermodynamic studies, it is known that the N26H,

closest approach between the side chains of each residue in thd¥52l, and Y67F mutations all stabilize iso-1-cytochrome
triple mutant cycle. The distances are for the Y67F/N521 variant. (3—6). In previous work, we also found a strong cooperative

In the phSEUdO-_W_IT (ilOZg% tStrg_Ctuzrg, 1ﬂ1163 %jStTaNCg? tOfHdOggSt interaction between the N521 and N26H mutatioB)s Since
approach are similar, Asn 52 to His 26, 11.3 A; Tyr 67 to His 26, : :
12?2 A; and Asn 52 to Tyr 67, 5.6 A (mediated via Kydrogen bonds both the N52I a_n(_:I Y6.7F mutations aﬁeqt the buried hydroge_n
to water 166). The figure was prepared with DS ViewerPro software *?0”‘?' network, |t.|s of interest to determme Whether the ;tab|-
and the Protein Data Bank file 1CR3Q). lization mechanisms of these two variants reinforce or inter-
fere with each other. Similarly, it is of interest to determine
increase in the dynamics of the N-yellow substructure in the whether cooperative interactions occur between the stabiliz-
oxidized state ). Although this hydrogen bond cannot be ing Y67F mutation or the combined Y67F/N52I double
made in the N52I variant, an important effect of this mutation mutation and the N26H mutation. Since position 26 is distant
is that the large increase in dynamics of the N-yellow from positions 52 and 67 (Figure 1), such interactions would
substructure observed upon oxidation of the WT prot8jn ( have to be propagated across a substantial distance.
does not occur in the N52I variant)( The use of mutational thermodynamic cycles enables eval-
Tyr 67 is also thought to be of structural importance to uation of the energy of interaction between side chains in a
the WT protein; however, it is still unclear what role it protein (0—12). To investigate the importance of the buried
actually plays 9). The mutation to a phenylalanine brings hydrogen bond network and associated changes in main chain
about several structural changes in the protein due to thedynamics for the stability of iso-1-cytochroneeand coop-
loss of the hydroxyl group from the Tyr residue. The erative effects stemming from the introduction of His 26,
hydroxyl group is involved in the hydrogen bond network We use a triple mutant cycle involving sequence positions
through interactions with the side chains of Asn 52 (ND2) 26, 52, and 67 (Figure 2). The triple mutant cycle can also
and Met 80 (SD). As previously described by Berghuis et be decomposed into six constituent double mutant cycles
al. (9), there is no displacement of the Wat 166 as seen in (12), allowing each pairwise interaction to be evaluated in
the N52I protein, and the presence of another water moleculetwo different contexts (opposite faces of the cube represent-
(Wat 300) is observed. The addition of the Wat 300 molecule ing the triple mutant cycle in Figure 2). As a starting point
rearranges the hydrogen bond network so that the 0n|yf0|’ the triple mutant cycle, we use a variant we refer to as
hydrogen bonds present are between Asn 52 (ND2) and heméAcTM (13). We have chosen this variant as the starting point
propionate A (O2A), Thr 78 (OG1), and heme pyrrole D for the triple mutant cycle because the double mutant cycle
propionate (02D) and Met 80 amide (ND) and Thr 78 (OG1). that showed a strong cooperative interaction between intro-
It is important to note that Wat 166 and Wat 300 are resolved duction of His 26 and lle 52 began with this varia).(
in the reduced Y67F variant structure; however, they cannot The ACTM variant has six mutations relative to WT iso-1-
be seen directly in the X-ray structure of the oxidized Y67F cytochromec (T(-5)S, K(-2)L, H26N, H33N, H39Q, and
variant. They are presumed to be present but dynamically C102S).
disordered 9). A key factor in this variant is that the Asn The pairwise energies of interaction for the double mutant
52 (ND2) to heme propionate A hydrogen bond does not cycles as well as the three way interaction energy for the
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triple mutant cycle are used to evaluate the effect of the M gdnHCI (in Tris/NaCl buffer) containing an equal
hydrogen bond network on the cooperativity of cytochrome concentration of the protein. The range of concentrations used
c folding. We find that the strong cooperative interaction depended on the stability of the variant.

between His 26 and lle 526 is dissipated in the triple The ellipticity as a function of [gdnHCI] is plotted using
mutant variant. This observation is discussed in terms of SigmaPlot 2000 (v. 7.01) and fit to eq 13) using nonlinear
changes in protein dynamics distant from a mutation site asleast-squares methods. In this equation, the nafi%g @nd
mediated by changes in a hydrogen bond network. denatured stated{, + mp[gdnHCI]) baselines and the
MATERIALS AND METHODS unfolding region are fit simultaneously, assuming a linear

dependence of the free energy on [gdnHCI]

Site-Directed MutagenesiSite-directed mutagenesis was .
the method of choice for adding mutations to template DNA. ¥ —
All template DNA was the single stranded pRS/C7.8 yeast ~ (6°)) + {(6°, + mp[GdnHCI])gmMenHCImACHO/RDy
phagemid vector 1(4) except for the preparation of the (MGANHCI— AGy(H,0)/RT)
AcH26F67 variant in which the single stranded template was 1+¢€
the pRS425/CYC1 yeast phagemid vector containing the (1)
AcH26 variant (3). The mute}tions were added on_to_the i;o— represented by eq 2
1-cytochromec template using the unique restriction site
elimination site-directed mutagenesis methd8) @s previ- AG, = AG,(H,0) — m[gdnHCI] (2)
ously described1(4). All variants have a Cys 102> Ser
mutation to prevent formation of intermolecular disulfide whereAGy(H:0) is the free energy of unfolding extrapolated
bonds during physical studies. The presence of the desiredo zero denaturant concentration, ands the rate of change
mutations was confirmed using a Beckman CEQS8000 of the free energy of unfoldingAG,, as a function of
automated DNA sequencer. Preparation of yeast carryingdenaturant concentration.
phagemid with variant iso-1-cytochromewas as described Determination of the Energy of Interactiohe energy
previously (L6). Briefly, mutated double stranded phagemid of interaction is calculated by accounting for the stability
DNA is transformed into the yeast GM-3C-2 strain 9f contributions relative to the AcTM protein caused by single
cerevisiae, which is cytochromec deficient. Phenotypic  and double mutation in, respectively, double and triple mu-
screening was done to confirm the functionality of each tant cycles. Eq 3 is used to calculate the energy of inter-
variant. A curing procedure followed to confirm that each action for a double mutant cycle, while eqs 4 and 5 are
protein was being expressed from the pRS/C7.8 or pRS425/used to calculate the energy of interaction for a triple mu-
CYC1 phagemid DNA. The phagemid DNA was then tant cycle (0, 11). In egs 3-5, the AAG values are the
reisolated from yeast and retransformed into bacterial cells difference in the stability between the single, double, and
for resequencing to ensure that no additional mutations triple mutant variants and the AcTM (N26, N52, Y67) variant
occurred under the selective conditions used for cytochrome(AGu(H20ariant = AGu(H20)actm). Thus, for A%Giyc and
c expression and to further confirm the presence of the A3Giy
desired mutation.

Protein Isolation and Purificationlso-1-cytochromec A®Gyy = AAGyqpie— AAGgingie1t AAGgingie2  (3)
variants were expressed and purified as described previously
(16). Briefly, yeast YPG (1% yeast extract, 2% peptone, 3% A%G,, = NGy, — ZAZGint (4)

glycerol) media was inoculated with cells containing the
desired mutated gene in the phagemid DNA and grown to Where
saturation in a New Brunswick BioFlo IIC fermentor. The
cells were harvested and then lysed with a 2:1 mixture of 1 A Gjni—1 = AAGyipe — (AAGgingier T
M NacCl and ethyl acetate. The lysate was treated with 50% AAGqjgien T AAGsinglea) (5)
ammonium sulfate to precipitate other proteins out of solution
and then placed into 3500 molecular weight cutoff dialysis a positive energy of interaction is indicative of a larger than
tubing and dialyzed against 12.5 mM sodium phosphate additive effect (cooperative) for the mutations involved,
buffer, pH 7.2, 1 mM NgEDTA, 2 mM -mercaptoethanol.  whereas a negative energy of interaction indicates a less than
The protein was further purified using CM Sepharose cation additive interaction (anticooperative) for the mutations
exchange chromatography and high-resolution cation ex-involved. Eq 3 is straightforward. If the sum of the stability
change HPLC (BioRad UNO S6 column). changes in the single mutant variants equals the stability
Protein Stability Determination.Protein denaturation  change for the double mutant variant, the effects of the two
experiments were carried out with the Applied Photophysics mutations are additive (i.eA°Gi; = 0). If not, there is coop-
PiStar 180 circular dichroism spectrometer. Ellipticity at 222 erativity or anticooperativity between the two mutations, de-
nm was monitored with a baseline reference at 250 nm. A pending on the sign ok?G;. For triple interaction energies,
20 mM Tris, 40 mM NacCl buffer at pH 7.0 was used. The the situation is more complexA3Gj,—; determines if the
temperature was kept constant at°Z5using a circulating effects on stability of the single mutations add up to the
water bath (ThermoNESLAB RTE7). The protein concentra- change in stability of the triple mutant variant relative to
tion is ~4 uM. The 7 M gdnHCI was added to the protein the protein without any of the mutations (AcTM in this case).
sample using the Hamilton Microlab 500 series titrator. The Nonadditivity in A3Gy,—; indicates the possibility that there
unit is set up to take up a small volume of the protein sample may be a three way cooperative or anticooperative interaction
from the sample cell holder and replace that volume with 7 between the three mutations. However, it is possible that
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nonadditivity in A3Gy—; is simply due to the effects of 0]

cooperativity or anticooperativity from the three possible

pairwise interactions\’Gyy, between the three mutation sites. AcH26152F67
In eq 4, these pairwise interactions are accounted for. If -5 1

A3Gin—1 is nonadditive, but\3Gi is zero, the nonadditivity o0
in the triple mutant variant stability can be accounted forby 3
the pairwise nonadditivitiesA°Giy, in the double variants. 5“
However, if ASGy, is nonzero, there is a true three way a
cooperative or anticooperative interaction between the three ® -15 ]
mutations in the triple mutant variant.

Determination of the Error in the Energies of Interaction.

The experimental error iING(H20) is the standard deviation -20

of three experiments unless otherwise indicated. In eds 3 0 1 2 3 4

AG(H:0) for the AcTM variant is subtracted from each term [gdnHCI], M

in the equation, as shown for the interaction energy of the FiGure 3: Denaturation curve for AcH26152F67 iso-1-cytochrome

double mutant cycle (eq 6). cat pH 7.0 in 20 mM Tris, 40 mM NaCl, 25C. The ellipticity at
222 nm is plotted against [gdnHCI]. The continuous curve is a

o . ) X
AGy = (AGdouble_ AGAcTM) - {(AGsinglel_ nonlinear least-squares fit to eq 1.

AGpcri) + (AGgingieo = AGacr)} (6) the starting point in the triple mutant cycle. The triple mutant

cycle also contains double mutant cycles allowing pairwise

Eq 6 simplifies to eq 7 interactions between positions 26 and 52, 52 and 67, and 26
) and 67 to be evaluated. The free energy of unfolding for
A*Gipy = AGgoupie — AGsingler ~ AGgingie2t AGacrm (7) each variant in the triple mutant cycle was determined using

_ . _ . circular dichroism spectroscopy. The energy of interaction
Thus, in calculating the experimental error, the multiple \yas determined for the double and triple cycles using egs 3
AcTM terms cancel out, and the square root of the sum of and 4, respectively (Materials and Methods).

the squares of the error in .the stability fO( each protein in  pravious work done in this laborator§)( which used the
the double mutant cycle gives the experimental error for N5o| mutation as part of a set of double mutant cycles,

A’Gip. showed that the lle 52 mutation interacted strongly with
o _ the Asn 26— His mutation. The triple mutant cycle
A2G,, studied here will determine whether the Tyr 67 Phe

2+(0 )z @) mutation also interacts cooperatively with the His 26
) AGactm mutation, how the Tyr 67 Phe and Asn 52 lle mutations

o ) . affect each other, and how all three mutations interact.
Determination of the experimental errors for the triple mutant o - ot a1 17) have previously determined that the

interaction energi_esﬁGim andAéG‘“‘*l’ was QOne using €4S N-terminal amino group of the protein competes with
9 and 10, respectively, as previously described by Stites andy;gyigine for binding to the sixth coordination site of the heme
co-workers {1). under denaturing conditions. The variants used in this study
all have an acetylated N-terminal amino group (affected by

\/ (UAGC,MIE)2 + (Oac )2 + (0ac

single: single:

(OAGmple)z-i- (OAGdouhlel)2+ (OAGdoume)z + T(-5)S and K(-2)L mutations; see rdf3) to prevent the
_ (o 2 (0 24 (© 2y N-terminal amino group from binding to the heme in the
OaG,, MG AGsingle) AGsinglez) denatured state. Other side chain binding to the heme in the
(GAGsinglea)z + (O-AGMM)2 denatured statel) is eliminated in the AcTM variant since

9) His 33 and 39, present in WT iso-1-cytochroméave been
converted to Asn and GIn, respectively. Removal of these

(o ¥+ (o 4+ (o 24 denatured state interactions limits complexities in the dena-
AGtriple AGsingIel) AG‘singlez) i H 1 i
Opsg,, = ) > tured state, which could complicate analysis of the triple
(Oncged T (2916, mutant cycle.
(10) Guanidine Hydrochloride Denaturation Dat& typical
RESULTS gdnHCI denaturation curve is shown in Figure 3. The

thermodynamic parameters derived from gdnHCI denatur-
A triple mutant cycle was constructed and utilized to ation data are presented in Table 1. A®,(H.O) energies

determine the energy of interaction between sequenceof unfolding range from 3.93 to 9.37 kcal/mol. The most
positions 52 and 67, which participate in the buried hydrogen stable variant is the AcH26152 double mutant. The triple
bond network, and position 26, which forms a hydrogen mutant variant is the second most stable protein; it is only
bond between the green and the N-yellow substructures inslightly and within a margin of error less stable than the
WT iso-1-cytochromec. The triple mutant cycle com-  AcH26I52 variant but is much more stable than the other
prises the AcTM variant, three single mutant variants two double mutant variants. The single sequence mutation
(AcH26, Acl52, and AcF67), three double mutant variants variants are 0.82.7 kcal/mol more stable than the AcTM
(AcH26152, AcH26F67, and Acl52F67), and a triple mutant protein, with the Acl52 variant being the most stable protein
(AcH26152F67) as shown in Figure 2. The AcTM variantis among them.
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Table 1: Free Energies of Unfolding for Variants of the Triple
Mutant Cyclé

AG(H,0) m
variant (kcal/mol)  (kcal/(mol x M))®P Ci2 (M)©
AcTM¢ 3.93+0.15 3.71+ 0.18 1.06+ 0.04
AcF67 5.61+ 0.15 4.28+ 0.08 1.31+0.01
AcH26" 471+ 0.16 4.63+ 0.15 1.02+0.03
Acl52¢ 6.63+ 0.23 3.82+ 0.19 1.74+ 0.06
AcH26F67 5.86+ 0.20 4.77+0.20 1.23+0.04
Acl52F67 7.69+ 0.26 3.88£ 0.01 1.98+ 0.07
AcH26152 9.37+0.24 499+ 0.15 1.88+ 0.05
AcH26I52F67  8.98t 0.44 4.25+0.18 2.114+0.04

a All data collected at pH 7 and 2% in 20 mM Tris, 40 mM NaCl

Redzic and Bowler

N521 and Y67F mutations were additive in the wild type
(His 26, C102T) background. The difference in pH (4.7 vs
7.0 here) and the temperature (53.6 vs’€there) at which
the stability differences were reported in the previous
experiments may account for the observed differences.
Finally, for the interaction between the His 26 and the Phe
67 mutations A’Gy,, is always negative. The magnitude of
the interaction energy is much larger in the lle 52 background
than in the Asn 52 background.

Since themvalues vary, it is also useful to assess whether
these changes are additive or nb8)( In Table 2, pairwise
nonadditivities inm values,my, are calculated. For the

buffer. The data presented are the average of three trials for all variantsinteraction between His 26 and lle 52, thevalues in the

except for AcH26152F67; five trials were done with this variant. All
reported errors are standard deviatidhthe m value is the change in
free energy with respect to the change in [gdnHEQ,, value
represents the [gdnHCI] at which half of the protein is denatut&tie
data for AcTM and AcH26 variants are from Hammack et &B)(
¢Data for the Acl52 and AcH26152 variants are from 6ef

Table 2: Pairwise Interaction Energies

variant or residues

interacting AAGgouné EAAGsinge  A?Gin® 2Min®
AcH26F67 1.93 246 —-054+0.3 —0.4+0.2
H26/F67 (Acl52) 2.35 380 —-154+0.6 —0.8+0.3
Acl52F67 3.76 438 —-0.6+04 —05+0.3
152/F67 (AcH26) 4.27 581 -154+04 —-0.9+0.3
AcH26152 5.44 3.48 206:t04 0.3£0.3
H26/152 (AcF67) 3.37 2.33 1406 —0.1+0.3

aWhere a variant is listed, the double mutant cycle starts with the

AcTM variant.® Where two residues are listed, the starting variant is
indicated in brackets. AAGgoubie= AGgounle — AGactm. FOr interacting
residues, the last term in the equation is thé for the variant in
brackets and\Gyipie Substitutes foAGgoupie © ZAAGsingie = (AGsingle 1

— AGactm) + (AGsingle 2— AGacTm). For interacting residues, theG

for the variant in brackets is used in place AGacty. ¢ A2Gyy =
AAGdoubIe_ ZAAGSingIe ezrnnt = Anhouble_ ZArnsingIe f Data taken from
Wandschneider et al6).

Some variation inrm values is observed. Thea values,

double mutant cycle are additive within errém(; ~ 0).
For the other pairs of interactiondny, is negative.

For the triple mutant variant, ACH26152F6A3Gy—1 is
—0.1 + 0.6, indicating that the stability effects of the
individual mutations are additive in the triple mutant variant,
as discussed in the Materials and Methods. The apparent
additivity requires that the strong positive interaction energy
of His 26 and lle 52 be canceled out, presumably by the
slightly negative interaction energy of His 26 with Phe 67
and of Phe 67 with lle 52. However, the triple mutant
additivity also requires a slightly negative triple interaction
energy,A3Gyy, of —0.9+ 0.7 kcal/mol. The negative value
of A3G;y indicates that there is a net three-way unfavorable
interaction between His 26, Phe 67, and lle 52 that is not
accounted for by the pairwise interactions between the three
sequence position mutations (see Materials and Methods).
Thus, the underlying basis of the observed additivity of the
stability effects of the single mutations when combined in
the triple mutant variant is complex.

Nonadditivities also exist in then values of the triple
mutant variant relative to the single mutant variants. In
analogy toA3Gin-1 (eq 5), we calculat@mp.—; to be —1.1
4+ 0.5 kcal/(molx M), indicating substantial nonadditivity
in themvalue of AcH26152F67 relative to the single mutant

which represent the change in free energy with respect tovariants. When the pairwise nonadditivitiesnmvalues are

the change in [gdnHCI], range from 3.71 kcal/(molM)

for the ACTM variant to 4.99 kcal/(mok M) for AcH26152.

In general, them value is larger (4.35.0 kcal/(molx M))

for variants containing a histidine at position 26. The
midpoint denaturant concentrations for unfoldi@g,, range
from 1.02 to 2.11 M gdnHCI, with the AcH26152F67 variant
having the highest/,.

Additivity of Stability. The energy of interaction for the

accounted for, we find that the three way nonadditive
interaction in them values,3my (calculated as foA3Gyy,

eqg 4 in Materials and Methods), is0.4 + 0.4 kcal/(mol
M). So, within error, much of the nonadditivity in tha
value of AcH26I52F67 is accounted for by the pairwise
nonadditivities in them value.

DISCUSSION

double mutant cycles was determined and is presented in General Obsearations onA?G,; and A3G;,; Values A key

Table 2. A positive value for the energy of interaction

observation in this work is that the strong cooperative

indicates that the two mutations reinforce one another, while interaction energy (2.& 0.4 kcal/mol) observed in the N521/
a negative value signifies that the two mutations interfere N26H double mutant variant is dissipated in the triple mutant

with each other. The six double mutant cycles allow
evaluation of an interaction energi?G;.,, for each of the
three pairs of positional mutations in two different contexts.
For the interaction of the His 26 and lle 52 mutatioA3Gn

is always positive. In the presence of Phe 8%, is about

variant, AcCH26152F67, such that the overall stability appears
to be simply additive based on the effects of the individual

single mutations. As can be seen in Table 2, only the
interaction between the His 26 and lle 52 mutations leads to
a positive or cooperative energy of interactidt*Giy). The

half as large as previously seen in the presence of Tyr 67 other double and triple interaction energie&®Gi, and
(6). For the interaction between the lle 52 and the Phe 67 A%G,) are negative or anticooperative. Previous work has

mutations A%Gy is always negative. The magnitude/&iG;y,

indicated that nonadditive stability effects primarily result

for this interaction is much larger in the His 26 background from mutations at adjacent sites in proteid®,(11, 19—

than in the Asn 26 background. In previous work using
thermal denaturation methods)(the stability effects of the

21). However, for staphylococcal nuclease, a large number
of nonadditive double mutant cycles were observed, and in
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many cases, the mutation sites were distant in the nativethe C102S and C102T pseudo-WT iso-1-cytochroossow
structure 18). Large nonadditivities inm values were that the C102S variant is 0.6 kcal/mol less stable at pH 7.5
observed in this case, which correlated with nonadditivities and 1.4 kcal/mol less stable at pH 42Z8{-27). Since position
in A°Gyy;, leading to the conclusion that the denatured state 102 is partially buried, the additional methyl group would
played a significant role in the observAdG;, values. While be expected to enhance stability of the C102T variant relative
positions 52 and 67 are adjacent to each other in the structurgo the C102S variant. So, we cannot rule out the possibility
of iso-1-cytochromec, position 26 is distant from both that this difference could affect local dynamics. The mea-
positions 52 and 67 (Figure 1). Clearly, nonadditivity exists sured gdnHCIm values and theAC, values for the two
both between the mutations at positions 26 and 52 and thepseudo-WT proteins are within error the same, indicating
mutations at positions 26 and 67. Here, we analyze the inter-that these changes at position 102 do not affect the change
action energiesh?Gi: andA3Gyy, in the context of the avail-  in solvent-exposed surface associated with unfolding of the
able X-ray structure data and find that a prime factor in protein. This observation argues against the C102T to C102S
nonadditive effects on stability is the bridging hydrogen bond change having a substantial effect on the packing of the core
between the ring nitrogens of the His 26 side chain and the of the protein where the buried hydrogen bond network is
carbonyl of Glu 44 and the amide NH of Asn 31 (Figure 1). located. The NMR structure of oxidized iso-1-cytochrotne
On the basis of crystallographic thermal factors, the strengthwas done with the C102S pseudo-W28), and the X-ray
of the His 26/Glu 44 intersubstructure hydrogen bond appearsstructure of oxidized iso-1-cytochronoevas done with the
to be modulated by changes in segmental dynamics causedC102T pseudo-WT §). The structures are very similar
by modifications to the buried hydrogen bond network, (average backbone rmsd of 0.88 A), so the stability difference
leading to cooperative or anticooperative effects in stability caused by the C102S versus the C102T mutation does not
that operate over long distances. We also discuss the possibl@ppear to translate into structural differences. Except for
role of the denatured state in the observed nonadditivity. positions 102 and 26 (which is part of our thermodynamic
Possible Effects of Mutations in the AcTM Variant Refati  cycle), all of the mutations in the AcTM variant are at the
to WT iso-1-Cytochrome. ¢n the analysis that follows, we  periphery of the protein and minimally affect the thermo-
use X-ray structures of iso-1-cytochromgethat have the  dynamic properties of iso-1-cytochrorneThus, we believe
Y67F, N52I, or both of these mutations in the C102T pseudo- it is unlikely that they strongly perturb the buried hydrogen
WT background. The starting point for the triple mutant cycle bond network of iso-1-cytochrome as seen in the X-ray
used here is the AcTM variant, which has six mutations structures of the C102T pseudo-WT iso-1-cytochran(g)
(T(-5)S, K(-2)L, H26N, H33N, H39Q, and C102S) relative and the N52I, Y67F, and N52I/Y67F variantg, @). The
to the C102T pseudo-WT, as noted in the introductory strong stabilizing effect of the N521 and Y67F mutations in
paragraphs. So, some discussion of the potential impact ofthe AcTM background, as observed in the C102T pseudo-
these mutations on the AcTM variant relative to WT (C102T) WT background 4, 5), suggests that similar effects are
iso-1-cytochromec is warranted. The first two mutations, occurring in the core of the protein in both cases.
T(-5)S, K(-2)L, are located in the disordered N-terminal  Positive Interaction between His 26 and lle ¥ reported
extension §) of iso-1-cytchromec and cause the protein to  previously by Wandschneider et al6)( the energy of
be acetylated in vivo1Q3). The stability of the AcTM and interaction between these two mutation sites is strongly
TM (H26N, H33N, H39Q, and C102S) variants are identical positive in the Tyr 67 background. Here, we find that this
so the effects of these mutations, and the resulting N-terminalpositive interaction, although smaller, is maintained in the
acetylation, are minimall@), as expected, given the disor- Phe 67 background. Wandschneider et@loffered reasons
dered nature of the structure of iso-1-cytochroenia this for this very favorable interaction between these two residues.
region. Positions 33 and 39 are at solvent exposed sites inBriefly, His 26 is a highly conserved residue that forms a
iso-1-cytochrome (8). Solvent exposed sites typically have bridging hydrogen bond between Glu 44 and Asn 31 (Figure
minimal impact on the stability of protein2%). In the case 1) and is believed to be important for the structure and
of positions 33 and 39, thekp values of the histidine side  function of the protein Z29); it is found in the green
chains are near 6.29), close to the value expected for an substructure of the protein. Position 52, when mutated from
isolated histidine. Thus, there is no evidence for either of an Asn to an lle, is a stabilizing mutation within the protein
these residues participating in strong electrostatic interactionsand is found in the least stable N-yellow substructure of the
that could strongly affect the native structure of the protein. protein as reported by Englander and co-workér). An
In fact, introduction of the N33H mutation into AcTM to important reason for the cooperative interaction relates to
produce the AcH33 variant produces no change in the the strengthening of the His 26/Glu 44 hydrogen bond (Table
stability of the protein 13). Adding the Q39H mutation to  3), which appears to be caused by the decrease in main chain
AcTM to produce AcH39 does decrease stability ©0.8 dynamics of the N-yellow substructure as evidenced by
kcal/mol (13). However, when this mutation is added to the crystallographic thermal factors (Figure 4; compare WT and
TM variant, there is no change in stabilit®4). Thus, these ~ N521 thermal factors for residues 4867). The lower
solvent exposed residues appear to minimally affect the magnitude of A’Giy; in the Phe 67 background can be
stability of iso-1-cytochrome. The final difference between  attributed to the effects of this mutation on the His 26/Glu
the AcTM variant and the proteins used in X-ray structure 44 hydrogen bond, which appears to be linked to an increase
analysis of the N52I and Y67F mutations is the presence of in dynamics of the main chain near Glu 44 (Figure 4 and
the C102T mutation versus the C102S mutation used here.Table 3). Relative to the presence of only lle 52, when both
These two mutations are standard in thermodynamic studiesPhe 67 and lle 52 are present, the His 26 to Glu 44 hydrogen
on iso-1-cytochromec, as they prevent intermolecular bond is longer, and the dynamics of the main chain at Glu
disulfide bond formation. Careful thermodynamic studies on 44 is increased. Thus, the cooperative interaction of the lle
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Table 3: Thermal Factor and Hydrogen Bond Length Bata

thermal factor (&) hydrogen bond length (A) thermal factor (&) hydrogen bond length (A)
variant main chain Glu 44 Glu 44(CO)-His 26 side chain main chain Asn 31 Asn 31(NH)-His 26 side chain
N52| 13.1 2.73 11.9 2.77
WT 13.5 3.10 2.0 2.73
Y67F/N52I 17.1 2.97 10.4 2.57
Y67F 25.8 3.60 10.8 2.77

aData from Protein Data Bank3() 2YCC (oxidized wild type), 1CTY (oxidized Y67F variant), 1CRG (oxidized N52I variant), and 1CRI
(oxidized N52I/Y67F variant).

Negatie Interaction between His 26 and Phe 8&.noted

307 —— WT previously, His 26 is a highly conserved residue in cyto-

o 1 —— Y67F chromec. The residue is a part of a hydrogen bond network
o, 40 {\} — Y6TF/N52I involving Asn 31 and Glu 44 and is a stabilizing factor in
) ’ N521 the protein 29). His 26 and Tyr 67 interact anticooperatively,
g roducing a negativA’G;y in both the Asn 52 and the lle

2 30 p g g

& 52 contexts. The anticooperativity is more significant in the
= lle 52 context.

E 20 1 The mutation of Tyr 67 to Phe causes a substantial increase
=

F

in the Glu 44/His 26 hydrogen bond length (Table 3), leading
to an anticooperative interaction?G;, between the His 26
and Phe 67 mutations. Particularly relevant to the anticoop-
erative interaction between His 26 and Phe 67 is the increase
in main chain dynamics between residues 35 and 45 (see
. Figure 4 and Table 3) as reported by Berghuis and co-
Sequence Position workers @). Much of the increased mobility in this region
FIGURE 4: Main chain thermal factors vs sequence position for the appears to result from maintenance of the Asn 52 side chain
WT (red), Y67F (blue), Y67F/N52I (green), and N52I (cyano) iso-  to heme propionate A hydrogen bond in the oxidized state
1-ferricytochromesc. The thermal factors are normalized to the \, o1 the Y67F mutation is present, a hydrogen bond that is

average thermal factor of the WT oxidized protein structure to - .
account for overall differences in the thermal factors of the indi- Proken when the WT protein is oxidized. The collateral effect

vidual structures?). Data are taken from the Protein Data Bank Of retention of this hydrogen bond appears to be breakage
(30 2YCC (WT), 1CTY (Y67F), 1CRG (N52lI), and 1CRI  of the hydrogen bonds between heme propionate A and water
(NS21/Y67F). 168 and between water 121 and the Arg 38 side chain, which
) ) ) ~_ are present in WT oxidized cytochronee Loss of these
52 and His 26 mutations is dampened due to less stablllzatlonhydrogerl bonds leads to increased dynamics between
of the His 26 to Glu 44 hydrogen bond in the Phe 67 context. asidues 35 and 43, The increased mobility of Glu 44
It is important to note that crystallographic thermal factors likely weakens the Glu 44/His 26 hydrogen bond, as
do not correlate exactly with solution measurements of jngicated by the increased hydrogen bond length (see Table
protein dynamics, such as NMR monitored hydrogen ex- 3 |n the lle 52 contextA?Gi, becomes 1 kcal/mol more
change 81), when these values are compared for individual npegative paralleling the 1 kcal/mol decrease in cooperative
residue positions. However, for iso-1-cytochromgg1), in stabilization between His 26 and lle 52 in the Phe 67 versus
general the lowest thermal factors in the X-ray structural data e Tyr 67 context. In both cases, the increased His 26/Glu
correspond to the regions of the protein (blue substructure, 44 hydrogen bond length in the Y67F/N52I versus the N521
N- and C-terminal helices) most protected from hydrogen iso-1-cytochromeg is likely responsible for the context
exchange, and the highest thermal factors correspond to thqjependem changes iGiy.
area least protected from hydrogen exchange, the least stable, Negatve Interaction between lle 52 and Phe 6&s
N-yellow substructure. However, because of this ambiguity, giscussed in the introductory paragraphs, significant changes
our analysis, in general, will focus initially on gain or 0SS in the buried hydrogen bond network occur with the
of hydrogen bonding and secondarily on the changes in mytations at these two residues, a hydrogen bond network
crystallographic thermal factors that act to alter hydrogen involving Met 80, Thr 78, Tyr 67, and Asn 5749). The
bonding, particularly between His 26 and Glu 44. N521 mutation brings about the displacement of the Wat 166
It is possible that the hydrogen bond between His 26 and molecule, which appears to be a stabilizing factor in that
Asn 31 could play a role in the nonadditive stability effects, variant (7). The Y67F mutation, however, is not accompanied
as well. Relative to the pseudo-WT (C102T) structure, the by a displacement of the Wat 166 molecule. Moreover, an
main chain dynamics of Asn 31 is increased but similar in additional water molecule, Wat 300, is introduced into the
all variants (Table 3). The variation in the His 26/Asn 31 hydrogen bond network. The N52¥67F mutation displaces
(main chain amide NH) hydrogen bond length is also small all internal water molecules and forms an internal cavity of
as compared to the His 26/Glu 44 (main chain carbonyl) only 8 A3, leaving only the heme pyrrole D propionate to
hydrogen bond length in the pseudo-WT (C102T) and variant Thr 78 side chain hydrogen bond.
structures (see Table 3). So, it appears that the hydrogen The interaction energy between Phe 67 and lle 52 is
bond between His 26 and Asn 31 likely plays a smaller role negative in both the Asn 26 and the His 26 contexts being
in the observed nonadditivities iN?Gip. more significant in the presence of His 26. Examination of

—
=
L
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the effects of changes in the hydrogen bond network of single this laboratory, involving a set of double mutant cycles that
mutation variants versus the double mutation variant on the used the N521 mutation in combination with introduction of
main chain dynamics of cytochromeyields a possible  histidines at various sequence positiof} (ve noted that
explanation for the negative energy of interaction. An the presence or absence of the N52I mutation has no impact
important factor in the increased stability of the Y67F variant on the thermodynamics of loop formation in the gdnHCI
is the Asn 52 to heme propionate A hydrogen bond in the denatured state for a wide range of loop sizZ&3).(Thus,
oxidized protein. This hydrogen bond is removed when both for gdnHCI denaturation, the effect of the N52I mutation on
the lle 52 and the Phe 67 mutations are present. The stronghe denatured state appears to be small. For the N26H
impact of this hydrogen bond on the dynamics of the mutation, the primary effect on the denatured state is the
C-terminal half of the protein is apparent in Figure 4 introduction of a closed His 26-heme loop in the denatured
(compare data for the Y67F variant to the WT data). In state. In the calculation oGy, for double mutant cycles
general, the dynamics of the Y67F/N52I protein is intermedi- involving His 26, the His 26:heme loop is present in the
ate to that of the N52I and Y67F variants (Figure 4). Thus, denatured state of the double mutant variant and one of the
combined the two mutations likely weaken van der Waals single mutant variants. Therefore, its thermodynamic effect
interactions operative in optimally stabilizing each of the is subtracted out in the calculation 4fG;,; (see eqs 3 and
single mutants. The net effect is a slightly negative nonad- 7, Materials and Methods). The same is true for the
ditivity. The amplification of the negativAGj, in the His calculation of A3Gjy—1, the triple mutant variant and only
26 context again relates to the effects of the Ile 52 mutation one of the single mutant variants will have the His-2@me
versus the lle 52/Phe 67 double mutation on the intersub-loop in the denatured state, so its effect will again be
structure hydrogen bond between the His 26 side chain andsubtracted out (see eq 5, Materials and Methods). Since
the Glu 44 main chain carbonyl (Table 3). neitherA3Gin—1 nor any of theA?Gy,; values are affected by
Negatve Interaction in the Triple Mutant VarianiThe the His 26-heme loop, the calculation @G, should be
energy of interactionA3Gyy, for the triple mutant variant  free of denatured state contributions from His-2@me loop
was calculated to be-0.9 4+ 0.7 kcal/mol. Although the  formation (eq 4, Materials and Methods). In the case of the

cumulative error inA3Giy is large, the magnitude 3G Y67F mutation, we do not have thermodynamic evidence
is similar to the decrease &G, for the interaction between as we do for the N521 mutation, indicating that its affect on
His 26 and lle 52 in the presence of Phe 67. ThusAt@,, denatured state thermodynamics is small. So, we cannot

can be viewed as a weakening of the strong His 26 side chaincompletely rule out the possibility of a denatured state
to Glu 44 main hydrogen bond when only lle 52 is present contribution this case. Although due to the similarity in the
by the addition of Phe 67 (see Figure 4 and Table 3). The Tyr and Phe side chains, it is likely that the effect on the
small combined interferences from negatit%éG;.; for the denatured state is small.
two double mutant variants (F67/152 and F67/H26) and the  We have nonadditiven values in the triple mutant cycle
negativeA3Gy, for the triple mutant variant act to dissipate and its constituent double mutant cycles, which have been
the highly favorable\?G;, for the N26H and N521 mutations.  interpreted in terms of nonadditive thermodynamic effects
The interesting result is that these nonadditivities arise from operating in the denatured state. Yet, we have denatured state
incompatible changes in a hydrogen bond network that loop formation data, which indicate that the N52I mutation
change the dynamics of the protein at sites distant from thehas at most a minor effect on the denatured state of iso-1-
site of mutation. These incompatibilities clearly modulate cytochromec. The question is how to reconcile these two
not only the strength of the His 26/Glu 44 hydrogen bond observations. It is interesting to note, for the single mutant
but also lead to changes in dynamics throughout the protein,variants, that the lle 52 mutation (Acl52) has only a minor
which likely affect the van der Waals stabilization (packing) effect on themvalue relative to the AcTM variant. The single
of the protein. The net effect is a triple mutant variant with mutant variants, AcH26 and AcF67, lead to increases in the
apparent additive stability relative to the single mutant m value of approximately 0.9 and 0.6 kcal/(mol M),
variants A3Gip—1). respectively. In both cases, X-ray structural data indicate that
Denatured State Effects on the Triple Mutant Cydte new hydrogen bonds are made in the native state. For
any mutational thermodynamic cycle where a mutation can introduction of His 26, a substructure bridging hydrogen bond
affect either of two states of a macromolecule, care mustis made, and for introduction of Phe 67, a new hydrogen
always be taken in attributing the observed effects to one bond between Asn 52 and heme propionate A is made, which
state or the other3@). In the previous discussion, we have strongly decreases the dynamics in the C-terminal half of
interpreted the data in terms of effects on native state stability the protein. In the presence of these hydrogen bonds, it is
based on available crystallographic data. In work on sta- likely that the native states are less flexible, which might on
phylococcal nucleasel®), significant nonadditivity was  average increase the buried hydrophobic surface of the native
observed for denaturanmn values, as was a significant state leading to the observed increases walues. It is also
correlation betweeh\?Gy,; and?my. We observe the same  possible that the presence of these hydrogen bonds make
nonadditivity in m values here, as well as a significant unfolding more cooperative, leading to a more abrupt
correlation between?Gi; and?my, (r? = 0.988). The slope  transition and a largem value. Since our loop formation
of this correlation is 3.22 M, somewhat larger than the data do not support a denatured state explanation for
slope of theA?G;,; versus?my, correlations observed with  nonadditivities inm values, we tentatively suggest that the
staphylococcal nuclease. So, it is possible that the nonad-nonadditivities in them values may relate to changes in
ditivities we observe in the free energy of unfolding in the native state hydrogen bonding. The behavior of the nonad-
triple mutant cycle involving positions 26, 52, and 67 have ditivities in 2my is qualitatively consistent with this proposal.
contributions from the denatured state. In previous work from For example, in the case of the Acl52F67 varidnt, is
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negative, and due to the added N52I mutation, the Asn 52 13
to heme propionate hydrogen bond in the AcF67 variant can
no longer be made.

Summary.In conclusion, we have constructed a triple
mutant cycle and investigated the energy of interaction
among the residues in the double mutant variants and the
triple mutant variant of the cycle involving three known
stabilizing residues in iso-1-ferricytochronee Within this
set of variants, only the N521 and N26H mutations show a
strong positive cooperative interaction, as observed previ-
ously ). All other pairwise interactions are negative
(anticooperative). In combination with existing crystal-
lographic results, the data indicate that the intersubstructure
hydrogen bond between His 26 and Glu 44 is an important
contributor to cooperative interactions in cytochromat
the level of tertiary structure. The buried hydrogen bond
network, associated with the residues at positions 52 and

67,

appears to play an important role in modulating the

strength of the Glu 44/His 26 intersubstructure hydrogen
bond. Changes in the buried hydrogen bond network produce
widely distributed changes in backbone dynamics, providing
a mechanism for both positive and negative nonadditivity
between distant mutation sites.
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