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Abstract

The crystal structures of two double mutants (F14N/
V21T and F14N/VE6T) of the signal transduction
protein CheY have been determined to a resolution
of 2.4 and 2.2 A, respectively. The structures were
solved by molecular replacement and refined to final R
values of 18.4 and 19.2%, respectively. Together with
urea-denaturation experiments the structures have
been used to analyse the effects of mutations where
hydrophobic residues are replaced by residues capable
of establishing hydrogen bonds. The large increase in
stabilization (—12.1kJmol™!) of the mutation
Phel4Asn arises from two factors: a reverse hydro-
phobic effect and the formation of a good N-cap at a-
helix 1. In addition, a forward-backward hydrogen-
bonding pattern, resembling an N-capping box and
involving Asnl4 and Argl8, has been found. The two
Val to Thr mutations at the hydrophobic core have
different thermodynamic effects: the mutation Val21Thr
does not affect the stability of the protein while the
mutation Val86Thr causes a small destabilization of
1.7kJ mol™". At site 21 a backward side-chain-to-
backbone hydrogen bond is formed inside a-helix 1
with the carbonyl O atom of the i — 4 residue without
movement of the mutated side chain. The destabilizing
effect of introducing a polar group in the core is
efficiently compensated for by the formation of an extra
hydrogen bond. At site 86 the new O atom escapes
from the hydrophobic environment by a x, rotation
into an adjacent hydrophilic cavity to form a new
hydrogen bond. In this case the isosteric Val to Thr
substitution is disruptive but the loss in stabilization
energy is partly compensated by the formation of a
hydrogen bond. The two crystal structures described in
this work underline the significance of the hydrogen-
bond component to protein stability.

1. Introduction

The energetic contribution of hydrogen bonds to
protein folding and stability has previously been a
subject for discussion (Dill, 1990; Creighton, 1991;
Pace er al., 1996; Shirley et al., 1992; Byrne et al., 1995).
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A useful method to study their significance is to
analyse designed mutants where the substitutions
introduce new hydrogen bonds. However, the limited
number of studies, which are confined to a few protein
case studies, might be misleading because of possible
side effects, other than the new hydrogen-bond
formation, in the particular local environment of the
substitution site. One way to reduce such spurious
effects is to make the mutation isosteric, as in the case
of the substitution of Val by Thr. This mutation should
produce a very minor change in the volume and
geometry of the mutated position and should not leave
a cavity. There are two destabilizing effects on
mutating Val to Thr, one that involves a change in the
van der Waals interactions of the C” with the rest of
the protein and the other the burial of the side-chain
O”! group of the Thr residue. The final outcome will
depend on the packing of the C” atoms, their exposure
to the solvent and the availability of any donor or
acceptor groups for the O”' group in the protein
(Byrne et al., 1995; Serrano et al., 1992; Blaber er al.,
1993). The experimental AAG values from these
studies vary between 3.3 and 13.3 kJ mol™' (0.8 and
3.2 kcal mol™'). In the case of the three buried Val
residues of T4 lysozyme the three-dimensional struc-
ture of the corresponding Thr mutants have been
obtained by X-ray diffraction analysis (Blaber et al.,
1993). For these mutants it was found that the newly
introduced hydroxyl group was making hydrogen
bonds to either protein groups [AAG = —5.4 kJ mol !
(—1.3 kcal mol™")] or to a newly buried water mole-
cule [AAG = —11.7 kJ mol™" (—2.8 kcal mol™")]
(Blaber et al., 1993). These studies suggested that the
energy cost of burying a polar group in an enviroment
in which no hydrogen bond is possible could be
substantially more than the value of 11.7 kJ mol™' (2.8
kcal mol™").

In a recent study characterizing the structure of the
transition state for unfolding of the chemotactic protein
from E. coli, CheY by the protein engineering method
(Lopez-Hernandez & Serrano, 1996), several Val-Thr
mutations were made. All these mutants were
performed in addition to the single point mutation
Pheld4Asn. This mutation was initially designed to
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Table 1. Crystal data and refinement statistics for the mutants 1 and 2

(a) Crystal data
a (A)

b (A)

¢ (A)

Space group

(b) Data collection

Total No. of reflections

No. of unique reflections

No. of unique reflections > 3o

Rmcrgt (D/")T

Redundancy

Completeness (%)

Last shell completeness (resolution) (%)

(¢) Refinement

R (%)%

R(rce (0/°)§ .

Resolution (A)

No. of unique reflections > 20

R.ms. A bonds (A)

R.m.s. A angles (°)

Isotropic thermal factor restraints (r.m.s. o)
Main-chain bond (A)
Main-chain angle (")
Side-chain bond (A)
Side-chain angle (°)

Mutant 1 Mutant 2
54.31 54.07
54.31 54.07
91.83 91.72

P3, P3,
82839 25441
11899 13544
9475 10496

8.8 4.8

6.9 1.8
92.1 86.0

64.6 (2.55-2.4 A) 55.6 (2.34-22 A)

18.4 19.7
26.4 28.0
10.0-2.4 10.0-22
10044 11179
0.009 0.008
1.5 14
3.59 (1.5) 2.84 (1.5)
5.33 (2.0) 441 (2.0)
5.96 (2.0) 4.69 (2.0)
8.76 (2.5) 7.07 (2.5)

t Ruerge = 2pis2dilhkl) = \I(h,k,[)l/z;,z,» I{(hk,1), where (hk,1I) are the unique reflections, /i{(h,k,/) is the ith measurement intensity of

reflection h,k,! and |/(h,k,[)| is the mean of all measurements A.k,1.

randomly selected reflection not used in the refinement.

stabilize the protein in order to introduce other desta-
bilizing mutations (Muifioz et al., 1994). Interestingly,
one of those mutants, Phe14Asn/Val21Thr, was as stable
as the reference protein (Phel4Asn, pseudo wild type),
even though Val21 is buried in the wild-type structure.
To find out the reasons for the apparent lack of
destabilization we have crystallized and determined the
three-dimensional structure of this double mutant. We
have also mutated another buried Val residue (Val86),
on the pseudo wild type and found again that only a
small destabilization was produced. The three-dimen-
sional structure of this mutant has also been deter-
mined. The crystal structures here analysed show two
different ways of compensating the loss in stabilization
caused by the —CH; to —OH substitution in the
protein core and indicate the significance of the
hydrogen-bond component on protein stability.

2. Materials and methods
2.1. Urea denaturation curves

The urea denaturation experiments were carried out
as previously described (Lopez-Hernandez & Serrano,
1996; Muiioz et al., 1994; Filimonov et al., 1993). The
unfolding reaction was monitored by recording the
fluorescence emission at 315 nm upon excitation at
290 nm in an AB2 SLM Aminco-Bowman spectro-
fluorometer. Experimental data from four different
experiments performed on different days were aver-

t R =3 il [Fons(h kD)~ Fealhk D)
and F.,.(h,k1I) are the observed and calculated structure factors, respectively.

[ it [Fabs(k. D), where Fons(hk.1)
§ Riec is the R value calculated for a subset of 10% of

aged and the average fitted to equation (1).

F = {(Fy + a[denaturant]) + (F, + b[denaturant])
x exp(m[denat] — AGy,o)/RT}
+ {1 + exp(m[denat] — AGy,o)/RT}, (1)

where F is the fluorescence emission of the protein, Fy
is the fluorescence of the folded state and Fy of the
unfolded state. The dependence of the intrinsic fluor-
escence upon denaturant concentrations, in both the
native and the denatured states, is taken into account by
the terms of aurea] and b[urea], respectively, where a
and b are constants.

2.2. Crystallization, data collection and processing

Both mutant proteins were crystallized by the
hanging-drop method using high concentrations of
ammonium sulfate (2.6-3.0 M in Tris-HCl buffer at
pH72) at 293 K. Droplets consisting of 4 pul of
protein, at a concentration of 2mgml~" and 2 ul of
precipitant were equilibrated against a 1 ml reservoir.
Crystals appeared after approximately 2d and grew
to a suitable size for data collection after a further
5d.

For mutant 1, data were collected on a Mar Research
image-plate detector using a Rigaku RU200 rotating
anode to a maximum resolution of 2.4 A. The protein
crystallized in space group P3; with two molecules in
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Table 3. Main- and side-chain torsion angles for wild-
type (pdb code 3CHY [13]) and mutant proteins
Protein Amino acid x (%) ¥ ) x1 ()
Wild type Phel4 —107.6 1153 —~72.2
Val2l —58.4 —488 172.5
Valg6 —111.1 135.5 179.8
Mutant 1 AsnAld —94.0 112.9 180.0
ThrA21 —57.6 —46.4 —-176.7
AsnB14 —78.7 109.9 —168.1
ThrB21 —62.9 —-50.2 —-175.4
Mutant 2 AsnAl4 —-96.5 106.3 176.1
ThrA86 —101.5 139.7 67.3
AsnB14 —83.9 104.9 176.9
ThrB&6 —-108.8 171.7 56.2

proteins is similar to that of the apo-CheY structure
(Volz & Matsumura, 1991). For mutant 1 (molecule A)
the r.m.s. difference with the apo structure for the C*
atoms was 0.7 and 1.1 A for all atoms, with maximum
displacements of 3.4 and 7.1 A. The largest differences
arc found in the loop region between f-strand 4 and «-
helix 4 (residues 89-93). The r.m.s. difference between
3CHY and mutant 2 (molecule A) for the C* atoms is
0.6 A and for all atoms 1 A. The maximum displace-
ments for each are 2.6 and 7.5 A, respectively, both of
which are located again in the loop region between -
strand 4 and o-helix 4. This region is extensively
disordered with complete breaks in the density at some
points. Such disorder was a feature of previous CheY
mutant structures (Cronet et al., 1995; Bellsolell et al.,
1996) and was also seen in the NMR structure (Bruix er
al., 1993; Santoro et al., 1995).

3.3.1. Mutation Phel4Asn. This mutation is present
in both mutants 1 and 2. The new asparagine group is
bent around to form a good N-helix cap of a-helix 1.
Despite the small differences owing to the environ-
ment, in all four molecules the mutation Phel4Asn
causes the following structural effects. (i) The mutation
does not affect the position or length of a-helix 1,
which starts with a 3,y-like turn including a three-
centered hydrogen bond from O Asnl4 to N Metl7 and
N Arg18. Neither does it affect the position of the main
chain at position 14. (ii) The side-chain torsion angles
x1 and x, of residue 14 change (Table 3), implying that
this side chain turns over the cylinder of the helix,
capping it by making a bifurcated hydrogen bond
from O®' Asnl4 to N Thr16 and N Met17. Thus, out of
the three hydrogen-bond donors unsatisfied in the wild-
type structure, two are now satisfied: the amide N
atoms of residues n + 2 and n + 3, the former being
stronger. The side chain of Asnl4, lying in the helical
path, perfectly mimics a main-chain peptide. Extension
of the helix by one residue in a modelling study results
in the superposition of the amide N(13) and O(13) with
the side-chain atoms N°' and O°' of Asnl4 (data not
shown). (iii) Asnl4 (mutant) is less solvent exposed at
22.7% than Phel4 (wild type) since it is bent over the
N-terminus of the helix. (iv) Also, while the side chain

TWO CheY MUTANTS WITH INCREASED STABILITY

of Asnl4 hydrogen bonds the main-chain N atom of
residues n + 2 and n + 3, the long side chain of residue
n + 4, Argl8, hydrogen bonds the main-chain carbonyl
group of residues n — 1, Aspl3 (Fig. 4).

3.3.2. Mutation Val21Thr. This mutation is present
only in mutant 1. Thr21 essentially superimposes on the
valine residue found in the wild-type structure. The new
hydroxyl group is readily accommodated in the core of
the protein because it can form a hydrogen bond with
the carbonyl O atom of Metl7, a residue at one-turn
(i — 4) distance from Thr2l in a-helix 1. The carbonyl
O Met]7 atom is now, therefore, establishing a bifur-
cated hydrogen bond with both N Thr21 and O” Thr21
(Fig. 5). The only discernible movement caused by this
mutation is the displacement of the side chain of Met17,
which moves away from the newly introduced polar
atom OY Thr21. The solvent accessibility of the Val and
Thr side chains are the same (1.4 and 1.5%, respec-
tively).

3.3.3. Mutation Val86Thr. This mutation is present in
mutant 2. Residue 86 is positioned at the bottom of the
cleft between the loops from 81 to a-helix 1 and 83 to
a-helix 3, close to the active site. Although part of the
hydrophobic core, there is a water molecule present in
both the wild type and mutant structures in this region.
In this mutant the Thr86 side chain superimposes its C*
on the position previously occupied by the C# of Valg86
residue, but the x1 torsion angle turns from gauche” to
gauche™ (Table 3). This keeps the C’* atom in the same
hydrophobic environment as before but the O”' atom
moves into a more hydrophilic cavity, away from the
hydrophobic location occupied by C” in the wild-type

3.5

2.51

Fluorescence (a.u.)

Urca [M]

Fig. 3. Urea denaturation of mutant 2 prolein. Each curve represents
the normalized data of two experiments performed on two
different days. The empty circles are for the mutant 2 protein,
the filled circles for the pscudo wild-type protein (Phel4Asn),
shown here for comparative purposes. The experiments were
performed at 298 K. in 50 mM Na-Pipes buffer pH 7.
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structure (Fig. 6). The hydrophilic cavity is now
partially filled as a result of both the rotation of the O
atom and the displacement of the methylene side-chain
atoms of Lys109. In its new position, the O"' atom of
Thr86 can form a bifurcated hydrogen bond with the
O Asp57 and a water molecule (W32). This solvent
molecule was previously coordinated to O”' Asp57 and
O™ Aspl2. After the mutation it maintains the co-
ordination to O"" Asp12 but replaces O Asp57 with
O”' Thr86, moving away from Asp57. When the wild-
type and mutant structures are superimposed (Fig. 6) it
can be seen that the side chains of Asp57, Lys109 and
Aspl2 have moved. This is a consequence of the new
hydrogen-bonding scheme and the displacement of
Lys109.

4. Discussion

4.1. N-capping and the reverse hydrophobic effect on
CheY stability

In two previous studies of mutating the N-cap residue
for Asn (Bell er al., 1992; Serrano & Fersht, 1989), the
substitution was found to be destabilizing even though
Asn is frequently found in nature at this position
(Richardson & Richardson, 1988). In the latter paper
the authors proposed that while Asn was a good N-cap
residue it required a change in the backbone dihedral
angles of the N-cap residue and that these changes
sometimes resulted in strain or unfavourable contacts
which destabilized the protein. The mutation of Phe to
Asn in this work results in a large change in the side-
chain x1 angle from —72° for the Phe residue in the apo
structure to ~180" in both mutants, but a very small
change is observed in the backbone dihedral angles
(Table 3). As this residue is highly exposed a large
change in the-side chain torsion angle does not result in
any unfavorable contacts. On the other hand, only a
small adjustment in the ¢/ dihedral angles is needed
and, therefore, no destabilizing strain has been caused
in the backbone and in fact the Phel4Asn mutation
results in a large increase in protein stability
[12.1 kI mol™" (=29 kcal mol™')] (Mufioz et al.,
1994).

In a previous thermodynamic and Kinetic study
(Munoz et al., 1994) and based on the three-dimen-
sional structure for the mutation of Phel4 to Gly
(Cronet er al., 1995) it was suggested that substitution of
this residue stabilized the protein through the inverse
hydrophobic effect. In the inverse hydrophobic effect
(Pakula & Sauer, 1990; Bowler et al., 1993), substitution
of a highly solvent-exposed hydrophobic residue by a
more hydrophilic one increases the stability of the
protein, because the hydrophobic residue is less
exposed in the unfolded conformation. Recently, it has
been found that a Phel4Ala mutation increases the
stability only by —3.3 kJ mol™' (—0.8 kcal mol™")
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indicating that the reverse hydrophobic effect can not
account alone for the —12.1 kJ mol™" (—2.9 kcal mol™)
observed in the Phel4Asn mutation (Lopez-
Hernandez, Munoz, Lacroix, Bruix, & Serrano, to be
published). The crystal structures described in this work
show that hydrogen bonding is playing a significant role
as Asn forms an extremely good N-cap, bending over
the helix cylinder without strain and without unfavor-
able interactions with neighboring residues. Moreover,
we have found a forward-backward hydrogen-bonding
pattern that resembles the local motif, termed capping
box, commonly found at the N-terminus of a-helices in
protein and peptides (Harper & Rose, 1993, Bordo &
Argos, 1994) which could also cooperatively contribute
to the stabilization of the protein in this mutant. In a
capping box motif the side chain of residue i + 3
hydrogen bonds to the main-chain amide of the N-cap
residue, while here it is the side chain of residue i + 4
that hydrogen bonds to the main-chain carbonyl group
of the residue before the N-cap. We conclude that while
the inverse hydrophobic effect contributes to the extra
stability, in this case formation of the N-cap must also
have a significant contribution.

B18 NH2

Bl14 0D1

L 2.98

Fig. 4. Detail of the ‘capping box" hydrogen-bonding pattern a1 the N-
terminus helix 1 with mutation Phel4Asn. It indicates a bifurcated
hydrogen bond from Asnl4 to Thrl6 and Metl17 and a backward
hydrogen bond between Argl8 and Aspl3.
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4.2. Hydrogen bonds versus hydrophobic effect

In order to be able to interpret the free-energy
changes introduced by a point mutation in a protein it is
necessary that the conformation of the protein does not
change and that the mutated side chain does not make
new interactions. In mutant 2, the hydrophylic Thr86
residue is accommodated due to the 110° rotation of the
side chain. This allows the hydroxyl group to escape
from a hydrophobic area and to form hydrogen bonds
with Asp57 and an internally bound watc¢ © molecule.
There are compensating local movements in the
surrounding area: (a) Asp57 and the water molecules
move slightly while forming the new hydrogen bonds;
(b) the side chain rotates into a nearby hydrophilic

Fig. 5. Superposition of mutant 1 (this work) on the apo-CheY
structure (pdb code 3CHY, Volz & Matsumura, 1991) at position
21. Yellow = mutant 1, molecule A. Purple = apo-CheY.
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cavity which together with the displacement of the
methylene side chain atoms of Lys109 partially fills this
cavity. The final result is a very small destabilization of
the protein, however it is not easy to extract any
information regarding the importance of buried
hydrogen bonds in protein stability from this mutant.
More interesting is the case of mutant 1. In this case the
side chain of Thr21 adopts the same conformation as
Val2l in the wild-type protein and the residue is
accommodated without producing any significant
changes in the protein. As a result the carbonyl O atom
of Metl7 forms a bifurcated hydrogen bond with two
hydrogen-bond donor atoms of residue Thr21: N and
0", Together with serine, threonine is frequently found
establishing backward interactions in a-helices (Bowler
et al, 1993; Gray & Matthews, 1984) and this kind of
hydrogen-bond pattern is no exception. The majority of
side-chain-donor to backbone-acceptor hydrogen bonds
are within the same substructure and, in particular, they
consist of i to i — 4 interactions similar to the one
described here (Stickle er al., 1992). A similar backward
i to i — 4 hydrogen bond was found in T4 lysozyme for
the mutant Val75Thr (Blaber et al, 1993). In this case
the protein was destabilized by 54 kJ mol™’
(1.3 kcal mol™"). In contrast, for the Val21Thr mutation
in CheY there is no destabilization at all, only a change
in the denaturation slope m. This change in m value is
found in other Val to Thr mutations, suggesting that it
could be due to the different solvation energies of Thr
and Val (Lopez-Hernandez & Serrano, 1996). The
reason for the difference in stability for the same
arrangement in CheY and T4 lysozyme, cannot be easily
explained based on the crystal structures. It could be
that small differences in the hydrogen-bond distance
could explain this discrepancy, but with the present
level of resolution we cannot support this hypothesis.
Another possibility could be that the small conforma-
tional rearrangements (Met17) taking place around the

Fig. 6. Superposition of mutant 2
(this work), on the apo-CheY
structure (pdb code 3CHY, Volz
& Matsumura, 1991) at position
86 showing the rotation of Thr86
side chain and the subsequent
change in  hydrogen-bonding
pattern. Yellow = mutant 2, mole-
cule B. Pink = apo-CheY.
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mutated residue in CheY are critical: for example, no
displacement of the surrounding hydrophobic residues
of the new O’ atom (i.e. 11e100) were reported for T4
lysozyme. In conclusion, our results, together with those
of T4 lysozyme, indicate that while burying the hydro-
phobic face of an a-helix should be destabilizing due to
the unsatisfied hydrogen-bond potential of the helix
carbonyl groups, the hydrogen bond made by the side
chain of the buried Thr residue to the main chain of the
helix partly or totally compensates for the burial of a
hydroxyl group. We conclude that in certain cases, the
loss in hydrophobic stabilization can be closely
compensated by the gain in hydrogen-bond stabiliza-
tion.
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Educaciéon y Ciencia (grants PB92-0117 and PB95-
0224) and the Centre de Referéncia en Biotecnologia
(Generalitat de Catalunya). MP was supported by a
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