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E.quilibrimn and kindti¢ experiments en slie-directed mutunts of o synibaile sperm whale myoglebin (Mh} gene have been performed. Results an
the reactivity on bath ferric and ferrous wild type and mutants Mb's are presented. Analysis of ligand ‘binding to Hixd EZ2 Vol und Mist E7 ) Vil
Thet EI0 Ay mutants compared 1o wild-Type sperm while. horse and Apivde limdelne Mb's, shows i the intradustion of un wrging! residue’
il the topologicat position E1O greauly enhances The stability of the various Mbchene ligand adduels. Alternative mech.mums of ligund stibilization
muy therefore be operative in Mb's lnekmg the distal histidine. ‘

Protein engincering: Myaglabin mutint; Ligand binding

lNTRODUCT[ON

Control of hgand binding in myoglobm and hemo- .

globin is exerted via heme pocket proximal and distal
amino acid residues [1-3]. On the distal side a major
~ determinant of reactivity is the imidazolyl residue of
- His® (E7), which controls the rate of Oz dissociation by
" hydrogen bonding. This interaction was shown by
neutron diffraction data on sperm whale MbO; (4], and
supported: by kinetic experiments on artificial mutants
[5}. Using a synthetic sperm whale Mb gene [6], His(E7)
has been réplaced by several amino acid residues: while
GIn can cope with the task of stabilizing the bound Og,
- for other residues tested (e.g. Gly and Val) the Oa
dissociation rate constant is increased by 10*210% times
{7]. For globins lacking the distal histidine, alternative
mechanisms of stabilization of the ligand bound at the

6th coordination position of the heme iron may be
operative. The inspection. of the three-dimensional:
structure of the F~ derivative of Aplysia limacina Mb '

" (hereafter A. limacinga Mb) [8], containing a valyl
‘residue at position E7, indicates that Arg(E10), which is
exposed to the solvent in ferric Mb [9), swings into the
pocket interacting with the heme bound F~. The cor-
responding residue in sperm whale Mb, Thir(E10), can-
. not exert the same role. Thus, the stabilization of A.
‘hmacma MbQ;, as documented by the relatwely slow
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oxygen dissociation rate constant (k=70 s7') [10} was -
likewise attributed to Arg(EL0) [8]. These considera- -

tions prompted us (o test this structural hypothesis by
equilibrium and Kinetic experiments on site-directed
mutants of sperm whale Mb. The results reported below
indicate that the sperm whale Mb mutant His(E7}Val

“has avery high ligand dissociation rate constant not on-

ly for O; but also for N;~; next, the double mutant
His(E7)Val-Thr(E1G)Arg displays considerably slower
dissociation rate constants. These data support the role
of Arg(E10) in stabilizing the heme bound ligands. Ad-
ditional engineering of the distal pocket will be

necessary in order to attain full stablluy of the liganded
state,

2. MATERIALS AND METHODS

Mutagenesis of the syathetic sperm whale Mbgene [6] was per-
formed using cassette mutagenesis with a set of oligonucleotides -

‘where the normal codons for His {CAT) and Thr (ACC) have been’

substituted with Val (GTT) and/or Arg (AGQG), respectively. DNA
manipulations were essentially as described by Maniatis et-al, [11].
DNA sequencing has been carried out as described by Hattory and
Sasaki [12] using Bethesda Research Laboratories reagents. Wild-type

- and mutant sperm whale Mb’s were éxpressed in E. colf and purified

to homogeneity as previously described [6] with the following minor
modification; the jon-gxchange column was a CM-Sepharose Fast
Flow (Pharmacia) eluted with a linear gradient of 50-250 mM NaCl
in 15 mM phosphate buffer, pH 6.0, Horse Mb was obtained from
Sigma and further purified by ammonium sulphate precipitation [10].
Equilibrium constants for N7, F7and OF”™ binding were obtained

. spectrophotometrically [10), using a Varian Cary 219 double beam

speclrophotometer, Kineties for N3~ binding were measured by (i) the
temperature jump relaxation method [13,14], using an instrument
built by Messaniagen Studiengesellschaft mbH (Gottingen, ~Ger-
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. Tabie | .
Bauilibtivm andfur h{iwﬂk paramawrs for the binding of B, F* and OH” 10 wildbiype and mutsm ferric myogfobing
Myonlobin o * Ns* P - OH"
' k'Ol Ky K (MY KMy Pk
Horwe _ ' W= 10°F - Ak w0ttt A% x0T 6.3 = 10t (R
Sperrhy whale® 13 % ot 30w 1ot 17 % I 6.3 x “I‘O' i 4.0
HistENVal 2.6 1 10°7 7.4 % 0F! 1.3 % 108V <¥ 10.3
HIStEN Yl ThrtE)0)Arg 30 et A U UL B S 3 11 X I {1 L he

* According 1o litérature [103; valuey af the equilibrivin constant (M) for OH " binding are quoted as pKy. Values of pK, were détcrminﬂl At 0'C,
in0.2°M neetate buffor (irom pH 5,.0t0.6,0), 0,1 M phosphate buffer (from pH 6.016 8.0), 0.2 v Trix (hydroxymethyllaminomeihane-HCl buffer
(I’ram pH 2.5 (0 9,03, 0.2 M boraw buffer (From pH B.0 and 10.0), und 0.2 M carbonate buffer (From pH 9.0 to 1.3,

B Values of &' and & were determined by rapld-mixing stopped-flow axperiments s 20°C, in 0.1 M phosphare bui’!’cr. DH 7.0,

* Values of K were obiained at equilibnmn a0, indiM phmphmc bufTer, pH 7.0,

¥ From ref. 19,

* Synthetic wild-type spérm whale Mb.
"'Values af & and & were ohmined by emperature jump enmrmwms wR3C, in0 M phosphmc hul'f’rr pH 7.0,

many}, and (i) the stopped-flow method (10}, carried out with a Mb*N,y~ complex formation (k') is about 100-fold

Durrum-Ciibson apparatus. Kinaties for Qg and CO. binding were faster in the two mutants as compared to the wild type.
estimated by Tlash photolysls experiments (10}, with an apparalis  * thdead in’ the latter case the presence of His(E?}
similar 1o (hat described by Brunori and Glasomeui [15), Under all . ) e Lo e

- experimental conditions, the observed Kinetic processes conformed 1o stabilizes 2 water molecule at the 6th coordination posi

a single exponential event, . - tion of the heme iron, and therefore Ny~ binding re-

3, RESULTS AND DISCUSSION

© Values of the equilibrium and/or kinetic parameters
for N;~, F~ and OH” binding to the wild-type and to
the sperm whale Mb mutants His(E7)Vai and
His(E7jVal-Thr(E10)Arg are shown in Table | by com-
parison with those for wild-type sperm whale and horse
Mb's, which are generally considered as molecular
models: for -monomeric hemoproteins: [10]). The
His(E7}¥al mutant displays a low. affinity for Na™, F™.
and OH™; when the second mutation (Thr(E10)Arg) is
introduced, a clear-cut increase in affinity- (abcu.
20-fold) is cbserved.

The role of Arg(ElO) is best 111ustrated by comparing
the rate constants for the formation and the dissocia-
tion of the N;~ derivative of different hemoproteins
(see Table 1). Under all the experimental conditions,

321073 (7Y

151073 s

T
kinetics of N3~ binding conforms to a simple process L@
quantitatively consistent with the following reaction B
scheme: =
Mb* + Na~ %Mb+ N3~ - o ' L ) 5 10 1B 20
. e . : ' ‘Mb"+'103
with the relaxation time 7 being described by the follow- l[ ] [N3 ])x ()
ing relation (Eqn. 1 [13,16)): : Fig, 1 Dependence of 77! on the equilibrium concemranon of
‘ ‘ : ‘ reagents ((Mb*] + [N37]; see Eqn, 1}, as obtained by temperature
Ly . : . ‘ jump experiments at 25°C, for N3~ binding to the His(E7)Val and.
77 = K+ K (IMBT] + [N2T)) , ‘ (H His(E7}Val-Thr(E10)Arg mutants of sperm whale Mb (panel A and
‘ . . . ‘ - panel B, respectively). Dependence of the apparent rate constant
This finding is proven by the results reported in Fig. 1, (kabs) on the concentration of reagents (Mb*] + [N37)), as obtained
which conform to Eqn. 1 within experimental errors. %;t?fsEd;?&?»fﬁ::ﬁ?ﬁ;;nze??'c'fmlg;;glanddgf “’rh“];:if‘“d
wild-type s; 3 cire ey, respective-
Data- shown in Table 1 allow the following con’ ly), Strdight lines are linear regressnons of data points, Data were ab-
‘siderations. tained at Mb concentration = 4.0 107 ® M in 0.1 M phosphate buffer,
() The bimolecular rate constant forthe sperm whale ‘ pH 7.0.
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quires hgand substitution, which smws down the pro-
cess [14,17]. In the two mutants with VaKE?) no warter
‘molecule is coordinated, as inferred also from the op-

tical absorption in the Soret region, where the max-

imum of the ferric derivative is at 392 nm, with an ex-
tinction coefficient of 100 mM™"-em™Y; these para-
meters are very different from those of the wild-type
_sperm whale Mb [17]. These observations are fully con-.

sistent with previous conclusions on A. limacing Mb-
reached on the basis of NMR, kinetic and crystallo-

graphic data [9,14,17].

. (i) The rate constant for Ny~ dissocintion (k) falluws
a clear trend, increasing from 0.3'57¢ for the wild-type

sperm whale Mb to 740 s~ for the mutan His(E7) Val,

It is very interesting and unequivocal, from data shown

in” Fig. 1  and Table [, that the double wmutant

H:s(E?}VaI—Thr(Em)Arg displayq an i'ntermedia:e o

behaviour (k=48 s™1).

A similar trend has been observed in the case of O3,
Thus. estirnates of tlie rate constant for Oy dissociation.
indicate that the mutant His(E7jVal releases Oy with a
very high rate constant (k=2.3x 10% s7!) [7]; next, the
© double mutant HisfE7)Val-Thr(E10)Arg displays a con~
- siderably smaller value of k {=7.0% 10* 57), though
still higher than in the wild-type sperm whale Mb (¢ =10

s7'y [10], as well as in A. limacina Mb {(k = 7.0x 10"

s"'y110]. Rohlfs et al. {7} have reported that the mutant
. His(E7)Val has a very high value of the CO combina-
. tion ratg constant (k' = 7.0x10° M~ -s™1), We have
confirmed this observation and found that the double

mutant H:s(E?)V«I—Thr(EJO)Arg dlsplays a similar '

valug of k' (= 1.8% 10" M~15~1),
These new results have been rationalized by reference

to the structure of the N3~ derivative of ferric sperm

whale Mb [18], starting from the hypothesis of
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: Bo!ﬂgness ¢t al. (8], discussee above, The siabilization

of the bound ligand observed in the double mutant s

documented by the values of the Ny™ dissaciation rate

constant (se¢ Fig. | and Table 13. The kinetic effects
reported in Table [ are interpreted assuming that

-~ ATg(E10} is long and Flexible enough to reach the dival

pocket, stabilizing the heme bound ligand by hydrogen
bonding (see Fig. 2). As suggested from values of the

N37 dissaciation rate constants for the HistE?/Val-
ThriE10JArg double mutant (k= 4.8x10' ") and A.

livigclna Mb (k=7.5%10 s7'} [14], the role of
Arg(ELQY in the stabilization mechanism is more effec.
tive in the former case. This may be accounted for on

~ the basis of the substaimially different binding mode of -

Na" in the distal pocket of A4, fimdeina (M. Bolognesi,

‘.pcrwnal cemmunication) and sperm whale 18] Mb's,

which allows different degrees of stabilization by
Arg(E10). In fact, in sperm whale Mb, Ny~ is fully
buried in the heme crevice and points towards residue
Leu(B10); on the ather hand,.in A. limacing Mb the
ligand is oriented towards the outer part of the heme
crevice and hydrogen bonded to Arg(EL0) at the pro-
tein/solvent interface. .
It is also worthwhile to discuss the effect of Lhe
substitution Thr(E10)Arg on the O; dissociation rate
constant (see above). Model building on' wild-type and -
ritutant sperm whale Mb’sindicates that the presence of

residue Arg(CD3) cun interfere with the- ligand C

stabilization mechanism proposed by Bolognesi et al.
[8]. Both Arg(CD3) ahd Arg(EL0) can extend their side
chains well inside the heme distal pocket, affecting their

mutual positions by clectrostatic repulsion. On the -

other hand, anionic ligands might partly compensate
for the Arg(CD3):Arg(E10) unfavourable ifteraction.
A similar pheénomenon does not oceur in A. fimacing

Fig, 2. Sterev view of the distal site envx.ronmem, seen from the solvent side of the H’rs(E?) Val-Thr{EIQ)Arg double niutant of sperm whale Mb
as model-built on the erystal struenire of the sperm whale Mb:N,™ adduct, refined at 1.9 A resolution (M. Bolognesi, personal communication).
*The-E helix i5 on the right end side of the picture; the N3T molecule is shown between the hcme and [he side chain of Arg® (E10).
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Mb, where position CD3 is occupied by Asp, which
mukes & salt bridge with Lys(E3). On these grounds we
expect that additional muations, infially Involving
repiacemnent of Arg{CD3)Y In the HIs(EZ)Val-Thr-
(E10jArg double mutant, may lead 1o o more complete
stabilization of the distal ligand; this hypothesis being
tested by addidonal experiments. Finally it is of great

interest that Ny~ binding iz shown to be & remarkably

sensitive and vseful probe for investigating the control
of tigand dynamics by the structure of the distal pocket.
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