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ABSTRACT Many of the bilayer spanning 
segments of membrane transport proteins con- 
tain proline residues, and most of them are be- 
lieved to occur in a-helical form. A proline res- 
idue in the middle of an a-helix is known to 
produce a bend in the helix, and recent studies 
have focused on characterizing such a bend at 

Apart from its presence in globular proteins, the 
proline residue in the middle of the membrane span- 
ning segments of a number of transport proteins has 
been identified.7 The secondary structure of such 
membrane spanning segments has been character- 
ized as a-helical in bacteriorhodopsin (BR)' and 
other membrane proteins are also known to have 

atomic level. In the present case, molecular 
dynamics (MD) studies are carried out on helix 
F model of bacteriorhodopsin (BR) Ace-(Ala),- 
Trp-(Ala),-Tyr-Pro-(Ala),-Trp-(Ala),-NHMe and 
compared with Ace-(Ala),-Trp(Ala),-Ty~(Ala),- 
Trp(Ala),-NHMe in which the proline is re- 
placed by alanine. The bend in the helix is char- 
acterized by structural parameters such as 

proline-containing a-helices?-12 The possible struc- 
tural and/or functional role of prolines in transmem- 
brane helices has been recently discu~sed.'~ 

Three of the membrane spanning helices (B, C ,  F) 
in BR contain proline residues in the middle. These 
helices contain the side chains that have been rec- 
ognized to be functionally i rnp~rtant . '~- l~ During 
the photocycle, large-scale motion of these helices 

kink angle (a), wobble angle (01, virtual torsion has been proposed to  take pla~e.'~-'l The character- 
angle (p), and the hydrogen bond distance d ization of the dynamical properties of the individual 
(OP-, . . . Np+J. The average values and the helices can help in understanding some of the as- 
flexibility involved in these parameters are pects of the photocycle a t  the molecular level. In this 
evaluated. The correlation among the bend re- work, helix F model of bacteriorhodopsin is investi- 
lated parameters are estimated. The equilib- gated and the features are compared with the helix 
rium side chain orientations of tryptophan and in which the proline residue is replaced by an ala- 
tyrosine residues are discussed and compared nine residue. The geometrical features of proline- 
with those found in the recently proposed containing a-helices are distinctly different from 
model of bacteriorhodopsin. Finally, a detailed those of a standard a - h e l i ~ . ~  Since the occurrence of 
characterization of the bend in terms of second- such helices are common in membrane transport 
ary structures such as aI, aII and goniometric proteins: it was felt that an analysis of the geomet- 
helices are discussed, which can be useful in rical parameters would be useful in modeling and 
the interpretation of the experimental results understanding the three-dimensional architecture 
on the secondary structures of membrane pro- of membrane proteins. Such an analysis has aided in 
teins involving the proline residue. recognizing specific parameters involved in the for- 
0 1993 Wiley-Liss, Inc. mation of kink and in quantitatively evaluating the 

flexibility introduced in the a-helix by a proline res- 
Key words: proline-containing a-helix, back- idue. Also, the secondary structural characteristics 

bone-bend parameters, comelation of proteins having proline-containing helices are 
between parameters, side chain discussed in the light of the results obtained from 
conformation, helix F of bacteria- the molecular dynamics studies. 
rhodopsin METHODS 

Molecular dynamics (MD) simulations for the he- 
lix F model of bacteriorhodopsin (BR) were per- INTRODUCTION 

The proline residue in proteins has always been 
associated with important structural features.' Its 
presence in the middle of a right-handed a-helix, 
however, has only recently been recognized and 
characterized, made possible from the studies of the 
crystal structure energy minimization: 
molecular dynamics: and free energy6 simulations. 
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Fig. 1. The conformational parameters of a polypeptide chain 
containing a proline residue in the middle. R represents the side 
chain of the residue. The notations +, $, and o refer to the Stan- 
dard backbone torsion angles and X, and x2 define the proline ring 

conformation. The C" atoms defining the virtual torsional angle 
are joined by broken lines. The symbol p in the text represents the 
virtual torsional angle C;-&&-C;-&;. 
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MD trajectories of proline pucker parameters ( x ,  and x2 of proline residue). 

formed using the AMBER p r ~ g r a m , ~ ~ , ~ ~  which was dues were retained in the same relative positions 
run on a VAX 8810 machine. The system chosen for with respect to the helix F of BR, and the other res- 
the molecular dynamics studies is Ace-(Ala),-Trp- idues were replaced by alanine residues. This model 
(Ala)2-Tyr-Pro-(Ala)2-Trp-(Ala),-NHMe (system I) provides an  a-helix model long enough to span the 
in which the proline, tyrosine, and tryptophan resi- membrane bilayer. For comparison, MD simulations 
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TABLE I. Average and rms Fluctuations of Backbone Internal Parameters 
(in Degrees) in the Proline Region 

Internal Crystal structure 
parameters System I System I1 average* 

-60.9 
*p-4 -38.7 (k12.2) -47.9 (k8.3) -30.9 

-75.7 
-33.9 

4 p - 2  -69.2 (211.4) -57.7 (29.0) -73.0 
*p-2 -44.4 (k12.1) -50.0 (28.5) -36.4 
4p-i -44.9 (211.5) -55.6 (28.6) -51.8 
*p- 1 -58.5 (28.2) -52.5 (k8.6) -51.1 

-60.8 -62.3 (k10.2) -56.8 (k9.1) 
-44.7 (k10.0) -48.6 (k8.5) -34.0 

mp-2 -171.3 (28.0) 176.7 (26.6) - 175.4 
Np- l-C:-l-Cp- 1 114.3 (k3.1) 110.5 (k3.0) 115.3 
C9-1-Cp-1-N, 121.2 (22.6) 117.5 (k2.8) 118.6 

*The average was obtained as a result of crystal structure analysis of proline-containing a-helical 
segments from 14 different high-resolution protein structures. Details in ref. 3. 

-61.3 (29.2) -58.2 (28.5) 

-67.4 (k12.1) -58.2 (k9.1) 
-44.2 (+10.0) -48.9 (k8.5) 

4p-4 

4p-3 

*p-3 

4 P  
*P 

TABLE 11. Average and rms Fluctuations of Conformational Parameters (in 
Degrees) Depending Upon the Proline Puckering 

Minimized structures 
Parameters Pro-Down Pro-Up Pro-Down Pro-up 

4,-1 
*p- 1 

-43.3 (k11.3) -48.2 (211.2) -39.7 -46.7 
- 54.1 -60.5 (27.4) -54.1 (k8.3) -60.3 
175.2 -178.1 (k6.4) 176.5 (27.6) -177.3 wp-1 

-59.4 (28.6) -51.5 (210.2) -59.7 -49.9 
4, -43.1 (29.7) -48.1 (29.7) -41.6 -47.6 

-28.6 *P 21.2 (27.3) -25.5 (k7.6) x1 (Pro) 
35.7 x2 (Pro) 

23.4 
-30.6 (k7.3) 33.2 (28.3) -33.6 

TABLE 111. Average and rms Fluctuations of Intrahelical Hydrogen Bond 
Lengths (in Angstroms) and Hydrogen Bond Angles (in Degrees) 

System I System I1 

Description of 
hydrogen bond 
Op-B. . . HNp-4-Np-4 1.92 (20.13) 1.91 (k0.13) 

Op-7. . . HNp-3-Np-3 1.99 (20.23) 1.90 (k0.13) 

Op-e. . . HNp-2-Np-2 1.94 (20.17) 1.93 (k0.16) 

Op-5.  . . HNp-l-Np-, 1.94 (-0.17) 1.92 (k0.13) 

Op-4.  . , HNp-N, Absent 1.88 (20.12) 

op-3.. . HNp.l-Np+l 3.48 (k0.63) 1.92 (20.14) 

op-2.. . HNp+2-Np+2 1.95 (k0.18) 1.95 (-0.16) 

Op-1.. . HNp+3"p+3 1.89 (k0.14) 1.88 (20.13) 

0 . . . H Distance 
0 .  . . H-N Angle 

0 . . . H Distance 
0 . . . N-H Angle 

163.4 (29.3) 162.4 (k9.3) 

154.4 (214.8) 161.1 (29.5) 

156.4 (k 12.5) 161.8 (29.5) 

156.9 (213.3) 162.1 (29.3) 

162.1 (k9.3) 

159.7 (k10.3) 161.9 (k9.7) 

163.0 (28.7) 161.9 (59.6) 

161.2 (29.4) 161.8 (29.2) 
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Fig. 3. MD trajectories of bend related parameters (kink angle (a), wobble angle (e), virtual torsion angle 
(p), hydrogen bond distance d(O,_, . . . N,,,) and (+,-,). Figure continues on page 30. 

were also performed on Ace-(Ala),-Trp-(Ala),-Tyr- 
(Ala),-Trp-(Ala),-NHMe (system 11) to investigate 
the role of the proline residue in the middle of an 
a-helix in general and the importance of side chains 
in the proline-containing helix F of BR in particular. 

The internal parameters for the starting structure 
of system I were taken from ref. 4. The energy was 
minimized using the AMBER minimization module 
until the rms gradient of the energy was less than 
0.1 Kcalimol A. The structure thus obtained was 
taken as the starting point for the simulation. For 
system 11, the minimized ideal a-helical structure 
was considered as the starting point. 

Initially, random velocities were assigned to each 
atom using the Maxwellian distribution correspond- 
ing to a low temperature. The systems were equili- 
brated to 300 K over a period of 25 ps and continued 
for a further 100 ps. The AMBER MD program uses 
a Verlet leapfrog alg~ri thm.’~ A time step of 0.001 
ps was chosen in this study. All hydrogen atoms 
were explicitly included and hence the force field 
corresponding to an  all atom modelz5 was used. All 

bonds involving hydrogen atoms were constrained 
using the algorithm SHAKE, and both the simula- 
tions were performed in vacuum. Although the 
model peptide we have chosen is a transmembrane 
segment of a membrane protein bacteriorhodopsin, 
only about one-third of the helical face is in contact 
with the lipid bilayer. Since the remaining part is 
exposed to the inner core of the protein, which con- 
tains polar and ionizable amino acid residues, a dis- 
tance-dependent dielectric constant E = R, was used 
in our calculations. The output from the MD run 
contained a total of 1,000 “snapshots” of the atomic 
coordinates during 100 ps evolution time with each 
snapshot taken at 0.1 ps interval for both the sys- 
tems I and 11. 

The notation of the conformational parameters is 
shown in Figure 1. The dihedral angles X,and xz of 
proline residue is related to the up or down pucker of 
proline with (xl, xz) assuming (-ve, + ve) and (+  ve, 
-ve) in the up and down conformations, respec- 
tively. Apart from the standard parameters, virtual 
torsional angles of C“ atoms are also depicted. The 
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Fig. 3. Legend appears on page 29 

averages and rms fluctuations of internal parame- 
ters and hydrogen bond parameters were obtained 
from the AMBER MD analysis program, whereas 
virtual torsion angles of C" atoms were calculated in 
a separate program for both system I and system 11. 

The backbone internal parameters in the proline re- 
gion, the side chain dihedral angles, the hydrogen 
bond parameters, and the virtual torsional angles of 
c" atoms were analyzed. Our recent crystal struc- 
ture analysis" and MD studies on proline-containing 
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Fig. 4. A plot of kink angle (a) vs. wobble angle (0) obtained from MD simulated structures. The points are 

plotted in different symbols depending on the hydrogen bond distance d(O,-, . . . N,, ,). The symbols 'o', '+', 
'x' and '.' correspond to d(O,-, . . . N,,,) < 3.2 A,  3.2 to 3.8 A, 3.8 to 4.4 A and > 4.4 A, respectively. 

helical segments5 have shown that the virtual tor- 
sion angle C&-C;-&g- 1-C; (designated as p) devi- 
ates from the average value of a standard a-helix. 
Hence this parameter has been studied in detail. 
The dependence of backbone dihedral angles on pro- 
line puckering was also investigated in system I by 
considering all the 1,000 MD simulated structures. 

Eight structures from the 100 ps simulation of 
system I were submitted to energy minimization 
procedures. Five structures lie in the range 45 to 55 
ps in which proline is in the down conformation and 
the other three, in the range 85 to 95 ps, where pro- 
line is in up conformation. Using the AMBER min- 
imization module, the steepest descent method was 
used for the first 50 cycles and followed by the con- 
jugate gradient method until convergence was ob- 
tained. The resulting structures were further mini- 
mized by the Newton-Raphson method using the 
AMBER NMODE module. All the conformational 
parameters for these minimized structures were an- 
alyzed. 

The bend introduced by proline in the right- 
handed a-helix has been characterized mainly by 
two parameters viz. kink angle and wobble angle 
(designated as a and 6, r e s p e c t i ~ e l y ) . ~ ~ ~ ~  The kink 
angle is the angle between two helical axes: one 
from the N-terminal to proline (helix I) and the 
other from proline to C-terminal (helix 11). An algo- 
rithm suggested by Chou et  al.27 was used to find 
the helix axis. The wobble angle is the angle that 
defines the orientation of helix I1 in three-dimen- 

sional space with respect to helix I. The detailed 
method for evaluating the wobble angle is described 
in ref. 3. The main steps involved in the calculation 
of wobble angle (6) are as follows: (1) helix I was 
made parallel to Z-axis with C; atom as the origin; 
(2) helix I was rotated about z-axis to make the ra- 
dius vector, joining the C: atom and the helix axis of 
helix I, collinear with positive X-axis; (3) a point was 
projected on the XY-plane from helix axis of helix 11; 
and (4) the angle made by the line, joining the origin 
and the projected point, with the X-axis is the wob- 
ble angle (6). 

The parameters virtual torsion angle (p), d(O,-, 
. . . N,, 1) and +p- l ,  which are related to kink angle 
and wobble angle were studied in detail. The corre- 
lation coefficient C between any two parameters A 
and B is given by the formula 

2 (Ai - A) (Bi - B) 

where A and B are averages and Ai and Bi are the 
values of the ith simulated point for the parameters 
A and B, respectively, in a total of N points. The 
correlation coeficient matrix was obtained for all 
the bend related parameters. Using this matrix and 
the trajectories, the interrelationship of these pa- 
rameters has been discussed. 

Separate programs were written to evaluate kink 
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Fig 5 A stereo diagram of three MD simulated structures for system I (only backbone atoms and proline 
side chain are plotted) with the values of [a ,  HI being [5 5", -2  07,  [30 5", 22 07 and [52 2 , 63 0 ] 

angle, wobble angle, to get the trajectories of differ- 
en t  parameters and to calculate correlation coeffi- 
cient between any two parameters. 

RESULTS AND DISCUSSION 
Backbone Internal Parameters 

The proline residue in the middle of a right-handed 
u-helix is known to introduce perturbations in some 
of the bond angles and dihedral angles of the back- 
bone. From the previous studies"5 the (+,$J values 
corresponding to 6, to J, region have shown dis- 
tortions from the standard values (idealized theoret- 
ical value" + = -57.5", ~JJ = -47.5", crystal struc- 
ture average of all helical residues in globular 
proteins2" 6 = -63.8" (t6.6), $ = -41.0" (27.2). 
The MD average and the rms deviation of parame- 
ters 6, to ()II,, N, l-C;-l-Cp and C;-l-Cp l-N, 
for the molecule Ace-(Ala),-Trp-(Ala),-Tyr-Pro- 
(Ala),-Trp-(Ala),-NHMe (system I) are given in 
Table I. A comparison has been made with the 
molecular dynamics average for Ace-(Ala),-Trp- 
(Ala),-Tyr-(Ala),-Trp-(Ala),-NHMe (system 11) and 
the recent crystal structure average on proline-con- 
taining cu-helices.:' The values confirm the trend re- 
ported previously that,  bp is less negative and 
dip , is more negative than the standard values. In 
general + p - 3 ,  bp-z are more negative and $p 4, 

J,, :', and $, are less negative than the standard 
values. The peptide dihedral angle wp-2 has taken 
an  average value of -171.3" with rms fluctuation of 
8.0". The rms fluctuations in parameters +,-4 to J, 
are larger in the proline-containing helix (system I)  
compared to the non-proline-containing helix (sys- 
tem 11). The bond angles Np-,-C;-l-Cp and 
CF ~ ,-C l-N,, are generally wider than the standard 

115.0") with the crystal structure average of proline- 
values:'" (N-c"-c = 108.0 to 111.00; CY-N = 

containing helices given in Table I slightly dif'f'ering 
from the MD average. 

Proline Puckering Parameters 

The proline ring fluctuates between the u p  and 
down conformation during the simulation period. 
This is represented by the trajectories of the dihe- 
dral angles x1  and x 2  of the proline residue (Fig. 2) .  
Some of the parameters (6, ,, Jj, ,, w,, ,, cb,, and di,)) 
in the proline region indicate preferential values de- 
pending on the proline pucker and the MD averages 
of these values are given in Table 11. A few struc- 
tures from the MD simulation were selected for en- 
ergy minimization as described in Methods. The 
structures minimize either to the rip or to the tiorcrz 
conformation with almost same energy ( - -327.5 
Kcalimole). However the parameters that are found 
to be different in MD average values have clearly 
different values even after minimization (Table I1 / .  
The W, deviates from planarity to  a slightly 
greater extent in the up conformation than in the 
down conformation. 

Bend Characterizing Parameters 

Although well-defined changes are noticed in the 
above mentioned internal parameters, it is diflicult 
to get a n  idea of the bend in the helix due to proline 
by examining a single internal parameter. The gen- 
eral characteristics can be measured in terms of 
other parameters such as virtual torsional angle 
C: -:3-CF-2-C:-l-C; (pJ, a specific hydrogen bond 
N, , . . . Op-,, which is weakened due to proline. 
kink angle (a), and wobble angle ( 8 ) .  The analysis of 
and the correlation among these parameters are dis- 
cussed in this section. 

The MD average of the virtual torsion angle 1 )  IS 
74" with maximum rms fluctuation of 12" in system 
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Fig. 6. (a) MD trajectories of x1 and x2 of W-182 for system I. (b) MD trajectories of x1 and x2 of W-182 
for system II. Figure continues on page 34. 

I. The averages of other virtual torsional angles of 
system I and all the virtual torsion angles of system 
I1 are close to  the ideal a-helical value31 of 50" and 
have less rms fluctuations. Higher value and max- 
imum deviation in p indicates that the kink starts 
from the helical turn that ends with proline residue 
and that region is more flexible. Further, the pro- 
line-containing helices are known to lack two hydro- 
gen bondsF6 one due to the absence of the amide 
proton on proline nitrogen and another between 
N,,, and OP+ The hydrogen bond lengths (Op-8 
. . . HN,-, to OP-, . . . HN,,,) and the correspond- 
ing N-H . . . 0 bond angles are given in Table I11 for 
system I and system 11. The lack of the O,-, . . . N, 
hydrogen bond for system I is obvious and the aver- 
age 0,-, . . . HN,,, distance is 3.48 (* 0.63) A. 
Apart from the longer Op-3 . . . HN,,, distance, 
some of the hydrogen bond angles in the proline re- 
gion assume smaller values (= 155.0') than the 

standard one (164.2" for an ideal a - h e l i ~ ~ ~ ;  161"- 
162" for system 11). Also, the rms deviations of these 
parameters are greater indicating fluctuations in 
this region. This is in agreement with the recent 'H 
NMR studies33 on melittin in which the proline has 
been identified as the residue imparting flexibility 
to the helix. 

The kink angle (a) is a direct measure of the bend 
in the helix and the wobble angle ($1 gives an idea 
about the mutual orientation of the helical segments 
below proline and above proline. The trajectories of 
these parameters along with those of $,-,, p and 
d(O,-, . . . HN,, 1) are given in Figure 3 for system 
I. The MD average kink angle is 28.5" (a 11.7) and 
wobble angle is 22.9" (* 28.8). All these parameters 
vary frequently in the range of a straight helix to 
that of bent one. Such fluctuations were also ob- 
served by 'H NMR studies on melittin.34 The occur- 
rence of proline in the signal and energy transduc- 
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ing proteins7 and channel forming peptides like 
alamethicin:'" is significant from its structural and 
fur.ctiona1 point of view. The presence of proline in 
a-helices allows for changes in pore sizes. The 
present observations suggest that  conformational 
changes can occur by adjusting the kink and the 
wobble angles and hence can play an  important 
functional role. 

Structures with varying kink angle ( a  = 0 to 50") 
and wobble angles ( 0  = -20 to +70°) obtained dur- 
ing MD simulations were minimized as described in 
Methods. All the structures minimized with a = 

30.9" and 8 = 27.6". This indicates a broad shallow 
minimum around the minimized structure. This is 
in agreement with the results of the free energy sim- 
ulation studies in which the free energy difference 
was found to be small" for a varying kink angle 15- 
45" in a 14-residue a-helix containing proline in the 
nineth position. (However, the kink in this study 
was introduced by varying the hydrogen bond dis- 
tance d (N, . . . Op-5) instead ofd (N, , , . . . 0, :3).) 

There is a significant correlation between many 
of the parameters that  have been discussed here 
The correlation coefficients between oi, 0, +,, I), 
d(O,-:, . . . HN, are given in Table IV. All these 
parameters are highly correlated. The coorelation of 

with the other parameters is, however, less in  
comparison. This indicates that  the bend introduced 
in the helix due to proline is a cumulative effect of 
variations in the number of backbone internal 
parameters in the proline region. The values of C Y .  0 ,  
and d(0,-3 . . . HN,, , for the MD simulated 
structures in which the correlation among these 
parameters is more explicit have been plotted (Fig. 
4). The negative 8 ( -50"-0") and smaller d(O,, :, . . . 
HN,+ ,) (< 3.2 A") values are found for smaller (k 

values (< 20"). The 0 values assume more positive 
values and the d(O,-,, . . . HN,, , ,) becomes longer 
(> 4.4 A") for larger a values. The plot exhibits the 
range and the extreme values that can be taken u p  
by a proline-containing helix during the MD 
simulation. The MD average, the crystal structurc 
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TABLE IV. Correlation Coefficients Between Various Bend 
Related Parameters 

a e P d(O,-, . . . N,+,) 
a 1.000 0.861 0.589 0.967 0.973 
e 1.000 0.333 0.751 0.892 
+p-1 1.000 0.639 0.559 
P 1.000 0.960 

1.000 d(Op-, . . . N,+1) 

average of proline-containing helices,, and the 
minimized values of a and 0 fall in the range of 
20-30" and -30-+30", respectively. A stereo 
diagram of system I with varying a and 8 is given in 
Figure 5. 

Analysis of Side Chain Conformations 
The above studies on the characterization of in- 

ternal parameters and the bend are applicable to 
any proline-containing a-helix including those that 
span membranes. Helix F of BR has Tyr-185, Trp- 
182, and Trp-189 in the Pro-186 neighborhood, and 
these residues have been identified as functionally 
important to the retinal binding pocket.16 The spa- 
tial arrangement of these aromatic residues play an 
important role in interacting with retinal. In the 
present study, the inherent dynamical behavior of 
these residues are characterized. 

The MD simulation for system I was started with 
all side chains ("rp-182, -189, and Tyr-195) in their 
extended conformation. A similar starting point was 
also considered for system 11. The trajectories of the 
two dihedral angles x1 and xz for Trp-182, -189, and 
x1 for Tyr-185 are shown in Figures 6-8 for both 
systems I and 11. 

In Figure 6a, although the extended conformation 
with x1 = 180.0" for Trp-182 was the starting point, 
soon it assumed that value x1 = -60". A comparison 
of MD average structure with those from BR model 
(Henderson, personal communication) is given in 
Table V. The preference for x1 of Trp-182 to be in the 
-60" region seems to be inherent for helix F since 
even in the absence of an environmental effect as 
found from MD simulation, this value is assumed, 
which is close to  trans orientation in nonproline he- 
lix (system 11). The x1 of Tyr-185, in contrast, has 
remained as trans in MD simulation of both systems 
I and I1 and is in the -60" region in the BR struc- 
ture. The MD average of x1 of Trp-189 is in the trans 
orientation in system I, system 11, and in the BR 
model proposed by Henderson et al.' However, the 
trajectories of x1 of Trp-182 (Fig. 6b) and Trp-189 
(Fig. 8b) for system I1 show that other conformations 
are also accessed for a short time during the simu- 
lation. Such type of transtitions were not observed 
in system I, perhaps due to restrictions brought out 
by the proline residue. 

A stereo diagram of system I with different values 
of x1 for Trp-182 is given in Figure 9a. A similar 

diagram for system I1 in which the Trp-182 and -189 
are plotted in different conformations as obtained by 
MD simulation (Fig. 9b). It is evident that the equi- 
librium orientation of these side chains is different 
in system I and system 11. Thus the bend introduced 
by proline influences the equilibrium side chain 
conformations. A superposition of MD equilibrated 
system I with the structure of helix F in Henderson's 
BR model' (with only Trp-182, Tyr-185, and Trp-189 
side chains) is shown in Figure 9c. Tyr-185 confor- 
mation is different in the two structures because it 
interacts with Asp-212 of helix G in BR, whereas the 
helix F model (system I) is considered in isolation in 
the present MD studies. It should, however, be noted 
that the comparison of the present results with the 
BR model proposed by Henderson et al.' has limita- 
tions because of the low accuracy of the structure 
and also the simulations were carried out on the 
molecule (system I) in vacuum in which only aro- 
matic side chains of helix F were considered. 

Analysis of the Nature of 
Proline-Containing Helix 

Although proline-containing helices in globular 
proteins and membrane proteins have been identi- 
fied as a-helical in nature, there are several ways in 
which they differ from an ideal a-helix. From the 
present MD studies and from crystal structure 
a n a l y s i ~ , ~ ~ ~  it has become possible to characterize 
the structural properties of proline-containing heli- 
ces. In order to carry out a detailed characterization, 
the properties of a-helices in general are outlined 
below. 

Conformational energy calculations that a 
trough of low energy extends from + = -47", + = 
-60" to + = -88", + = -25" for an a-helix. Though 
the dihedral angles in the proline region fall within 
this trough, they indeed belong to "different types of 
a-helical structures." 

The standard a-helix proposed by Arnott and 
Wonacott" is usually referred as a,-helix. The other 
type of helix in the right-handed a-helical region cor- 
responds to the second of two possible solution for 
the dihedral angles of a helix with constant n (num- 
ber of residues per turn) and h (the height per resi- 
due). This helix is referred to as a,,-helix and was 
first proposed by Nemethy et al.37 The helical pa- 
rameters of standard a, and aII helices are given in 
Table VI. A comparison of these parameters show 
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Fig 7.  MD trajectories of X ,  of Y-185 for system I and II 

differences in the 6, 6 angles and hydrogen bond 
parameters. In cull-helix the hydrogen bonds are 
slightly weaker since the plane of the peptide unit is 
tilted with respect to helix axis and the NH group of 
this helix points towards the axis. The peptide unit 
is nearly parallel in the a,-helix. The third type of 
helix in the a-helical region is designated as a go- 
niometric helix:%' in which the values of 6 and $ of 
a,-helix interchange almost exactly (i.e.,  C$ = 

-47.5", 41 = 57.5") with small changes resulting in 
the helical parameters. 

The nature of the proline-containing helix can be 
characterized in terms of the above different a-he- 
lical structures. The analysis of backbone internal 
parameters are discussed in the first section of Re- 
sults and Discussion. In fact, the average values of 
the dihedral angles ((GI, :3,+p and (+,, 2,+r, 2 )  are 
close to those for the cx,, helix (Table I ) .  As a result, 
the hydrogen bond parameters for residues p-2 and 
p-3  are also close to those for the a,,-helix (Table 

111). The average of the hydrogen bond angle NRO is 
between that of a ,  and all helices and the rms fluc- 
tuations of all the parameters (described in Table 
111) show that these residues can access both u I  and 
cu l l  structures. The values of (6, , . d ~ , )  , are close to 
the goniometric helix. The other parts of the helix 
show that the (C$,$) values are close to  those for the 
cx,-helix. This can be compared with those parame- 
ters obtained from the MD studies of system 11, in  
which all the (I$,&) angles remain close to  a,-helix 
throughout the simulation. 

The deviation in the value of the virtual torsion 
angle p from the standard value can be explained i f  
the proline-containing helix is considered as a mix- 
ture of different tx-helical structures. The virtual 
torsion angles of C "  atoms for various standard ( Y -  

helical structures and their mixtures are given in 
Table VII. It is clear that  both ( Y ,  and crl l  have the 
same value 50" though the 6,di angles are different. 
Similarly this value for the goniometric helix is al- 
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Fig. 8. (a) MD trajectories of x1 and x2 of W-189 for system I .  (b) MD trajectories of x1 and x2 of W-189 
for system II. Figure continues on page 38. 

most the same as that for the a, and a,, helices. 
However, the virtual torsion angle Cr-Cr+ l-Cr+ 2- 

Cr+3 has the value 68" when residues i, i + 1, are in 
the a,,-helical, i + 3 in the a,-helical conformation 
and residue i + 2 is in the goniometric conformation. 
This is analogous to p in the proline-containing he- 
lix. Thus the proline-containing helix is mainly a, in 
character with pronounced a,, and goniometric he- 
lical character in the helical turn ending with the 
proline residue. The MD studies have shown that 
fluctuations in this region are higher, with the val- 
ues approaching near a, character at  times. 

High-resolution crystal structures and analysis of 
proteins containing proline in the middle of a-helix 
are slowly emerging. A number of experimental 
studies characterizing the secondary structures of 
membrane proteins with proline-containing helices 
have been carried However, the secondary 
structural information derived from these studies 

has not been precise. The shift and the intensity 
differences in amide I and amide I1 IR bands in BR, 
almethicin, and other membrane proteins3' suggest 
a deviation from the ideal a,-helical structure. How- 
ever, no unique structure has been arrived a t  using 
this technique. In the case of BR, a mixture of 
aI + (YII,~O a, + p,41 a, + 310,42 and predominantly 
a,? structures have been suggested. Far-UV CD 
spectra of BR also suggest that the secondary struc- 
ture of BR is not pure a,-helix, but has substantial 
a,, ~haracter .~ '  Nevertheless, the exact position and 
nature of the deviation become available only from 
high-resolution crystal structures. The crystal struc- 
ture analysis of globular proteins3 and the energy 
minimization studies4 have given more details on 
the precise structural details of proline-containing 
a-helices. Further, the present MD simulation has 
given information on the flexibility in different 
parts of these helices. These studies also give the 
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extreme limits of values that can be taken up by 
such structures and hence can be useful in interpre- 
tation of experimental results. 

CONCLUSIONS 
The proline residue in the middle of an a-helix has 

an important role to play in the structure of pro- 
teins. The presence of such secondary structures is 
particularly significant in membrane proteins. The 
following features have emerged from the present 
MD studies on helix F model of bacteriorhodopsin 
(BR) as well as from our recent crystal structure 
ana ly~ i s .~  

1. Some of the backbone internal parameters in 
the helical turn ending with proline deviate from 
ideal a-helical values. 

2. The deviations in the internal parameters from 
an ideal a-helix give rise to a bend in the helix. This 
bend can be characterized directly by several param- 
eters such as kink angle (a), wobble angle (el, vir- 

tual torsion angle Ci-&-&i-l-Ci (p), and a 
specific hydrogen bond (OPp3 . . . Np+J. These pa- 
rameters are evaluated for the MD simulated struc- 
tures. The MD average and the rms fluctuations are 
given for all parameters. The MD trajectories of the 
bend related parameters show that the helix fre- 
quently fluctuates between an ideal a-helix and a 
bent structure. A high degree of correlation is ex- 
hibited between the bend related parameters. 
Among the backbone internal parameters, only the 
dihedral angle +p-l is correlated to a reasonable 
extent with the bend. 

3. The nature of distortions in the proline region is 
characterized in detail in terms of related secondary 
structures such as aI, aII and goniometric helices. 
The interpretation of the experimental results re- 
garding the secondary structures of membrane pro- 
teins are discussed. 

4. The MD average side chain conformations of 
helix F model of BR (Trp-182, Tyr-185, Trp-189) is 
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a 

Fig. 9. (a) Stereo diagram of two structures of system I (with- 
out alanine residues) are superposed. One of them corresponds 
to the MD average structure given in Table IV and the other struc- 
ture is close to the starting conformation obtained at the beginning 
of the equilibration. (b) Stereo diagram of three structures of sys- 
tem II (without alanine residue) in which the side chain orienta- 
tions are different. Two of the plotted structures were obtained at 
10 PS (xl (W-182) = -167.1"; x2 (W-182) = 69.5"; x1 (Y-185) = 

b 

C 

168.9"; x1 (W-189) = -78.8"; x2 (W-189) = 45.8") and at 90 ps 

X, (W-189) = -172.8"; x2 (W-189) = 13.4"). The third structure 
is close to the starting conformation. (c) Stereo diagram of the 
average structure obtained for system I superposed on the crystal 
structure of the helix F of BR (only trptophan, tryosine, and proline 
residues are represented and the values corresponding to the 
conformation of these residues are given in Table VI). 

(xl (W-182) = -72.9";x2(W-182) = 1 7 4 . 7 " ; ~ ~  (Y-185) = 167.8"; 
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TABLE V. Average and rms Fluctuations of Tryptophan and Tyrosine Side 
Chain Dihedral Angles (in Degrees)* 

Side chain In bacterio- 
dihedral anglet System I System I1 rhodopsin' 
xi (W-182) -56.0 (k10.9) -156.2 (t-47.7) -79.2 
XZ (W-182) 154.0 (218.7) 91.9 (231.7) 177.7 
xi  (Y-185) 178.0 (k10.0) 172.7 (213.8) -65.2 
XI (W-189) -179.5 (211.5) -167.2 (236.3) -145.1 
~2 (W-189) 71.2 (k22.8) 62.1 (229.6) 101.5 
*The notations for tryptophan and tyrosine residues are W-182, Y-185, and W-189 for systems I 
and 11. This corresponds to the positioning of the residues Trp-182, Tyr-185, and Trp-189 in the 
helix F of BR. The same nomenclature is followed in the text and also in Figures 6-8. 
'xl = N-C"-CP-C' 

*From the coordinates obtained by Henderson (personal communication). 
xz = C"-C@-CY-C~' 

TABLE VI. Standard Helical Parameters for 
Idealized aI- and a,,-Helical Structures 

Helical uarameters* a, an 

n 
h + 
JI 
d ( N . .  . 0) 
d ( H . .  . O )  
N H O  
H N O  
Distance between Hs of 

adiacent NH PI-OUDS 

3.62 
1.50A 

-57.4" 
-47.5" 

2.86A 
l.88A 

164.2" 
10.3" 

2.79A 

3.62 
1.50A 

-70.5" 
-30.0" 

3.00A 
2.12A 

145.7" 
23.5" 

2.53A 

*n = the number of residues per turn; h = the height per 
residue; d ( A .  . . B) = the distance between atoms A and B. See 
also ref. 32. 

TABLE VII. Virtual 
Torsion Angle of C" 

Atoms (in Degrees) for 
Various Standard 

a-Helical Structures 

DescriDtion* Values 
aI-aI-(YI-aI 50.0 
~ I I - ~ I I - ~ I I - ~ I I  50.0 

"I-aI-gm-aI 57.6 
aII-alI-gm-aI 68.0 

*The conformation assumed by 
each residue is indicated; gm-go- 
niometric helix. 

gm-gm-gm-gm 49.5 

compared with that given for BR structure' and 
with corresponding position in an  ideal a-helix. The 
bend in the helix due to proline gives rise to a spe- 
cific Trp-182 orientation, which is different if it  were 
to be present in an ideal a-helix. Also, the flexibility 
in the side chain conformations is less in the proline- 
containing helix. The conformation of Tyr-185 in the 
BR structure is decided by the residues of neighbor- 
ing helices such as Asp-212. 

In summary, the conformation and the flexibility 
involved in proline-containing a-helices are charac- 
terized in detail by a set of geometrical parameters. 
This has aided in quantitative evaluation of the con- 
formational properties of such helices, which acts as 
a tool for model building and refinement of low-res- 
olution structures. The results on secondary struc- 
tures of membrane proteins by spectroscopy and the 
conformational properties of channel forming pep- 
tides passing through the membranes can be better 
understood in light of present studies on proline- 
containing a-helices. 
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