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Hydroxylation of Proline in Polytripeptide Models of Collagen: 
Stereochemistry of Polytripeptide-Prolyl Hydroxylase Interaction? 

Rao S. Rapaka, V. Renugopalakrishnan, D. W. Urry, and Rajendra S. Bhatnagar* 

ABSTRACT: The unusual imino acid hydroxyproline is syn- 
thesized by the enzymatic hydroxylation of proline in the se- 
quence -X-Pro-Gly- in polypeptide precursors and synthetic 
polytripeptide models of collagen. The degree of hydroxylation 
is related to the nature of the side-chain residue a t  X. Poly- 
tripeptides with X = Pro were the best substrates, followed, 
in order of decreasing substrate efficiencies, by X = Ala > Leu 
> Val > Phe > Gly = Sar .  Since substrate-enzyme interac- 
tion in this case may result in conformational transitions both 
in the polytripeptide substrate and the enzyme, and as the 
conformational states of the various polytripeptide substrates 
may be influenced by the stereochemical interactions of the 
side chain X, the conformational states present may determine 
the extent of hydroxylation. In order to investigate this hy- 
pothesis, conformational energy calculations were performed 
for the X-Pro-Gly tripeptide sequences. Since (Pro-Pro-Gly), 
was the most efficient synthetic substrate, its conformation was 
considered to be the favored conformation for hydroxylation. 
The calculations bring into perspective three factors that may 

T h e  structural protein collagen has an unusual repeating 
primary structure in which glycine appears in every third po- 
sition. With the exception of short sequences a t  the N and C 
terminals, the collagen polypeptides can be represented as 
polymeric (X-Y-Gly), (review, Piez, 1976).' Approximately 
one fourth of the residues in collagen are the imino acids proline 
and hydroxyproline, the latter occurring only a t  the position 
Y in the sequence and any occurrence of proline in this position 
is likely to be due to the reduced hydroxylation of proline, since 
hydroxyproline is synthesized by the enzymatic hydroxylation 
of proline after its incorporation in the polypeptide sequence. 
The hydroxylation of proline in polypeptide precursors or an- 
alogues of collagen is catalyzed by the enzyme prolyl hy- 
droxylase in a complex reaction involving the reductive fixation 
of oxygen and is coupled to the oxidative decarboxylation of 
a-ketoglutarate (review Prockop et al., 1976). The hydroxyl- 
ation of proline is a critical step in the synthesis of collagen, 
since unhydroxylated collagen is not efficiently secreted from 
cells (Bhatnagar and Prockop, 1966), has a lower denaturation 
temperature than fully hydroxylated collagen (Rosenbloom 
et al., 1973; Berg and Prockop, 1973), and is therefore sus- 
ceptible to nonspecific proteolysis. Hydroxyproline stabilizes 
the collagen triple helix by participating in hydrogen bonds 
(Ramachandran et al., 1973, 1975). I t  is therefore of interest 
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regulate the relative hydroxylations of the different sequences: 
(1) the hydroxylatable region of a substrate's plot which 
relates to the adaptability of the enzyme to a range of confor- 
mations of the peptide substrate, (2) the energy difference 
between the lowest energy conformation of a substrate and its 
energy in the $1-42 energy surface, which corresponds to the 
lowest energy of the preferred substrate, and (3) the multi- 
plicity of low-energy states available to the substrate. Evidence 
is presented in tripeptides of X-Pro-Gly sequences that where 
energetically favored conformations predominate with $, = 
100 f 40' [-CXa-C(=O)-] and $2 = 130 f 30' [-Cpron- 
C(=O)-] hydroxylation occurs and where energetically pre- 
ferred conformations are outside this range of $1 and $2 hy- 
droxylation does not occur. It is proposed that for hydroxyl- 
ation by prolyl hydroxylase to occur the above proposed critical 
range of conformations is necessary, and the extent of hy- 
droxylation may depend on the relative population of this range 
of conformations to the sum of allowed conformations. 

to examine the factors which regulate the formation of this 
unusual imino acid in collagen. 

The prolyl hydroxylase reaction is also a very interesting 
system for examining enzyme-substrate interactions and for 
investigating the physicochemical aspects of enzymatic ca- 
talysis. The enzyme binds three different substrates, namely, 
0 2 ,  a-ketoglutarate, and the polypeptide substrate containing 
susceptible proline residues. An examination of the primary 
sequence of the a chains of mammalian collagen indicates that 
in triplets of the type Gly-Pro-X and X-Pro-Gly only the latter 
are hydroxylated (Piez, 1970). The examination further reveals 
that  hydroxylation occurs when X is Pro, Ala, Leu, Phe, etc. 
The prolyl substrate specificity of the enzyme is limited, and 
proline in the -Pro-Gly- sequence is hydroxylated in a large 
number of polypeptides (Bhatnagar and Rapaka, 1976; 
Prockop et  al., 1976). The conformation of a polypeptide 
substrate may be expected to play a role in regulating its in- 
teraction with the enzyme and in determining the extent of 
hydroxylation. The available information on the influence of 
polypeptide conformation on the hydroxylation of proline and 
on the interaction of the polypeptide with the enzyme is not 
self-consistent. Thus, the hydroxylation of unhydroxylated 
collagen and of the collagen analogue (Pro-Pro-Gly), is less 
efficient under conditions favoring the development of colla- 
gen-like order (Prockop et al., 1976). Strong complex forma- 
tion with the enzyme without hydroxylation occurs with the 
synthetic polypeptides (Gly-Pro-Gly), and (Sar-Pro-Gly),, 
neither of which exists in ordered conformations under the 
conditions of hydroxylation (Bhatnagar and Rapaka, 1976). 
In contrast, (Ala-Pro-Gly), and (Leu-Pro-Gly),, neither of 
which forms triple helical structures in aqueous solutions, are 
hydroxylated (Bhatnagar and Rapaka, 1976; Kivirikko et al., 
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1969; Scatturin et a!., 1975). Polyproline 11, which exhibits a 
helical form similar to the single chains of collagen, interacts 
strongly with prolyl hydroxylase but it is not hydroxylated 
(Prockop and Kivirikko, 1969). (Gly-Pro-Ala), and (Gly- 
Pro-Sar),, both of which exhibit considerable order in aqueous 
solutions, do not interact with prolyl hydroxylase (Bhatnagar 
and Rapaka, 1976). Several other synthetic polymers with 
collagen-like sequences have been examined for hydroxylation 
(Hutton et al., 1968; Okada et al., 1972; Kivirikko et al., 1971), 
but a comparative evaluation of their ability to serve as sub- 
strates for prolyl hydroxylase is difficult because of differences 
in molecular weights and reaction conditions employed. We 
compared the hydroxylation of synthetic polypeptides of 
similar degrees of polymerization and our studies (Bhatnagar 
and Rapaka, 1974) indicated a relationship between the ability 
of a polymer (X-Pro-Gly), to undergo hydroxylation and the 
nature of the side chain of the residues at X. Polytripeptides 
in which X = Pro were the most efficient substrates. Increasing 
complexity of the side chain of other residues at X decreased 
the efficiency with which hydroxylation occurred. 

The side chain of the residue on the N-terminal side of the 
proline residue can interact with the pyrrolidine ring and 
thereby restrict the conformational range of the X-Pro peptide 
bond (Schimmel and Flory, 1968). The residue X preceding 
proline may influence the conformation, as evidenced by the 
fact that in X-L-Pro peptides, where X = Gly, L-Ala, L-Leu, 
L-Phe, D-Ala, D-Leu, and D-Phe, the equilibrium between the 
cis and trans forms of X-Pro peptide bonds is affected by the 
side chain of X and the configuration of X (Grathwohl and 
Wiitherich, 1976). Conformational energy calculations by 
Zimmerman and Scheraga (1977) on Pro-X and X-Pro di- 
peptides revealed that p turns are not favored on X-Pro di- 
peptides because the interactions between the X residue and 
the pyrrolidine ring restrict the conformations of X. 

It was shown that interactions between X and Pro in X-Pro 
peptides play an important role in repeat peptides of elastin 
(Urry, 1976). In the sequential polypeptide (Val-Pro-Gly- 
Gly), the intramolecular hydrophobic interaction between the 
valyl and prolyl side chains generated the property of coacer- 
vation, whereas in the sequential polypeptide (Ala-Pro-Gly- 
Gly),, due to the weakened hydrophobic interaction, the 
polymer is devoid of coacervation (Rapaka and Urry, 1978; 
Rapaka et al., 1978b). These observatiohs were further con- 
firmed by nuclear Overhauser studies on these polymers (Urry, 
Khaled, Rapaka, and Okamoto, in preparation). The present 
study was undertaken to see the influence of the conforma- 
tional restrictions imposed by such interactions in regulating 
the hydroxylation of peptidyl proline as well. 

Since enzyme-substrate interactions involve conformational 
transitions, we considered the possibility that, for the optimal 
interaction between prolyl hydroxylase and tripeptide sub- 
strates, the tripeptide should be able to present a specific rec- 
ognizable conformation to the enzyme. Hence, conformational 
energy calculations were performed on X-Pro-Gly tripeptide 
sequences, where X is Gly, Ala, Leu, Val, Phe, Sar, and Pro. 
Since (Pro-Pro-Gly), is the most efficient substrate, its con- 
formation was assumed to be the most favorable for hydrox- 
ylation. Our studies have analogy to those of Dafforn and 
Koshland (1971), where they proposed from transition-state 
calculations that the large increase in rates in enzymatic re- 
actions is due to the ability of the enzyme to orient the reacting 
atoms in an optimal manner. This effect was termed “Orbital 
Steering”. In this study, it is proposed that an optimal en- 
zyme-substrate interaction occurs, to the extent that a suffi- 
ciently favorable steric conformation is presented by the sub- 
strate. 
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FIGURE 1: A typical -X-Pro-Gly- tripeptide segment as a substrate for 
hydroxylation is shown. Torsion angles $1, $2, +2,  63, and $3 are i l -  
lustrated along with the rigid peptide bonds. 

Materials and Methods 
Synthetic Polypeptides. The polytripeptides (Ala-Pro-Gly), 

and (Pro-Pro-Gly), where purchased from Miles Laboratories, 
Kankakee, Ill. (Gly-Pro-Gly), was synthesized by polymer- 
izing the pentachlorophenyl ester of Pro-Gly-Gly. The poly- 
tripeptides (Sar-Pro-Gly),, (Val-Pro-Gly),, (Leu-Pro-Gly),, 
and (Phe-Pro-Gly), were synthesized by polymerizing the 
respective active esters as described elsewhere (Rapaka and 
Bhatnagar, 1975). All polytripeptides were extensively frac- 
tionated using gel-filtration procedures, and fractions corre- 
sponding to narrow ranges of degree of polymerization were 
collected for all polymers, to facilitate the comparison of hy- 
droxylation properties of the polypeptides. 

Prolyl Hydroxylase Reaction. Chick embryo prolyl hy- 
droxylase was purified using published procedures (Halme et 
al., 1970). The reaction mixture for hydroxylation consisted 
of the enzyme, 1 .O mg; a-ketoglutarate, 0.5 rnM; ferrous am- 
monium sulfate, 0.04 mM; ascorbate, 2.0 mM; Tris-HC1,O. 1 
mM (pH 7.4); and the polytripeptide, 300 pg; in a total volume 
of 4.0 mL. Incubation was carried out at 37 OC for 1 h and was 
terminated by the addition of 4 mL of concentrated HCI. The 
reaction tubes were sealed under N2, and the samples were 
hydrolyzed for 22 h at 110 OC. The hydrolysates were evapo- 
rated to dryness in a rotory evaporator under vacuum and the 
residues were dissolved in appropriate amounts of HzO. Hy- 
droxyproline content of the hydrolysates was assayed by a 
microadaptation of Woessner’s procedure (Woessner, 
1961). 

Conformational Energy Calculations. A diagrammatic 
representation of the X-Pro-Gly segment undergoing hy- 
droxylation is given in Figure 1. The partitioned potential- 
energy method (Ramachandran and Sasisekharan, 1968; 
Renugopalakrishnan et al., 1976b) was used for conforma- 
tional energy calculations on N-formyl derivatives of G ~ Y - L -  
Pro-Gly, L-Ala-L-Pro-Gly, L-Leu-L-Pro-Gly, L-Val-L-Pro- 
Gly, L-Phe-L-Pro-Gly, and Sar-L-Pro-Gly amides. The fully 
extended conformations of the tripeptides, except for the sar- 
cosy1 tripeptide, were constructed with standard bond lengths 
and bond angles taken from earlier work (Khaled et al., 1976; 
Renugopalakrishnan et al., 1976a; Urry et al., 1977) and from 
Momany et al. (1975). The N-formyl end group was con- 
structed with C-N, C=O, and C-H bond lengths of 1.32, 
1.24, and 1.09 A, respectively, and with N-C=O and 
N-C-H bond angles of 125’ and 11 5 O ,  respectively (Sutton, 
1965). 

The sarcosyl backbone was constructed with the same ge- 
ometry as a Gly residue. The sarcosyl N-methyl group was 
constructed using an N-C bond length of 1.45 A and a Cm- 
N-CH3 bond angle of 117’ (Howard et al., 1973). The N -  
methyl group was assumed to be tetrahedral with a C-H bond 
length of 1.09 8, and an H-C-H bond angle of 109.47’. Pep- 
tide groups were assumed to be in a trans planar conformation. 
L-Proline was assumed to be in Cy endo conformation as found 
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FIGL,RE 2: 14-$2 energy surfaces in kcal/mol relative to theglobal minimurn marked by the symbol x for: ( A )  Gly-L-Pro-Clq with 4, = 80°, 4 1 ~  = -60°, 
$3 = +180°, and $3 = t180°. (B) ~-Ala-~-Pro-Gly with $ 1  = -looo, @2 = -60". $3 = +180°, and $3 = f I80 ' .  (C) L-Leu-L-Pro-Gly with (91 = -100'. 
@2 = -60°, @ 3  = +180°, and & = +180°. Symbol t denotes the conformation at  I = 2 = 120' which corresponds to the ideal conformation of HCO- 
~-Pro-~-Pro-Gly-NH2.  

in the X-ray study of p-BrCbz-Gly-L-Pro-L-Leu-Gly-OH by 
Ueki et  al. (1969). Side chains were assumed to be in ener- 
getically preferred conformations (Ramachandran and Sasi- 
sekharan, 1969). Torsion angles 43 and $3 for Gly3 were not 
varied. The torsion angle $2 for proline was assumed to be 
-60' (Pullman and Pullman, 1974). Initially, a scan for en- 
ergetically preferred values of d] was carried out by con- 
structing the $1-$1 energy surface (Renugopalakrishnan and 
Urry, in preparation). 

The total energy was assumed to consist of Van der Waals, 
electrostatic, and torsional energies. Van der Waals energy was 
calculated using Buckingham's exponential type potential 
function with parameters suggested by Ramachandran and 
Sasisekharan (1968). Electrostatic energy was calculated using 
a b  initio minimal basis set (STO-3G) net charges for glycyl, 
alanyl, valyl, prolyl, and N-formyl moieties (Renugopalak- 
rishnan et al., 1976b; Renugopalakrishnan and Jordan, 1977). 
C N D 0 / 2  overlap normalized net charges, taken from Mom- 
any et al. (1975), were used for leucyl and phenylalanyl 
moieties. Net  charges for atoms in N-formylsarcosinamide 
were calculated using the C N D 0 / 2  molecular orbital method 
(Renugopalakrishnan and Urry, unpublished). A dielectric 
constant of unity was used in the calculations of electrostatic 
energy. Calculations in one case, namely, N-formyl-L-Val- 
~-Pro-Gly-NH2 using a dielectric constant of 2 showed no 
significant difference in the &-$2 energy surfaces. Torsional 
energies were calculated using a threefold torsional barrier 
across Ca-N and C*-C bonds with barrier heights of 0.6 and 
0.2 kcal/mol, respectively (Scott and Scheraga, 1966). 

Energy Surfaces. The tripeptides were 
frozen in a conformation with 41, a t  the energetically most 
preferred conformation, 42 = -60°, $1 = f180° ,  and $2 = 
f180'. $I& energy surfaces were then constructed by 
varying both the torsional angles $1 and $2 from - 180 to + 180 
a t  IO' intervals. $1-$2 energy surfaces corresponding to the 
preferred $1 values for the residues X = Gly, Ala, Leu, Val, 
and Sar  are  reported in this paper. $1-$2 energy surfaces for 
X = Gly, Ala, Leu, Val, and Sar are given in Figures 2 and 3. 
$1-$2 energy surfaces for some of the other allowed values of 

were also constructed, and it was found that the overall 
feature of the $1-$2 energy surface is not particularly sensitive 
to the value of the torsion angle for the residue X. The most 
preferred values of $1 and $2 so obtained for the residues X = 
Gly, Ala, Leu, Val, Phe, and Sar are indicated in Figure 4 using 
the symbols 1,  2, 3 ,4 ,  5, and 6, respectively. Symbol 7 repre- 

Generation of 

sents polyproline 11 with $1 = 85' and $2 = 85" (Arnott and 
Dover, 1968). 

Results 
In the tripeptide sequence of the type X I - P ~ O ~ - G I Y ~ ,  hy- 

droxylation by prolyl hydroxylase occurs a t  the Cy atom of 
Pr02. Hence, it is expected that the CY atom of Pro2 be acces- 
sible to the enzymatic approach and interaction. A typical 
X-Pro-Gly segment undergoing hydroxylation is diagram- 
matically presented in Figure 1. The torsion angles c $ ~  and q3 
are considered to be less important than $1, 42, and $2,  as they 
are  not in close proximity to the reaction site. Their effect 
would be to indirectly influence $1 and $2. Torsion angle 42 
is an  integral part of the proline ring and is nearly frozen. 
Accordingly, in a tripeptide sequence, $ 1  and $2 are of critical 
importance in determining whether a given peptide sequence 
presents an optimal conformation for recognition by the en- 
zyme. Because of this, the energysurfaces were gener- 
ated for the peptides under study (Figures 2 and 3). In the 
present effort, it was assumed that the tripeptide sequence 
undergoing hydroxylation was in the trans planar conforma- 
tion. Although conformational energy calculations were per- 
formed on tripeptide units, it is assumed that similar confor- 
mations are likely to prevail for the polytripeptide. The results 
of the conformational energy calculations on the individual 
peptide sequences are discussed below. 

Gly-Pro-Gly. Gly-Pro-Gly has several degenerate minima 
which are equally probable in the $ I &  energy surface shown 
in Figure 2A. The global minimum corresponds to $ 1  = $ 2  = 
f 180". There are two high-energy ranges, corresponding to 
$2 N -80-150" and $2 N -30'-50' for all values of $1, i.e., 
-180' to +180'. The $1-$2 energy surface was generated 
taking 41 = 80" for Glyl and 42 = -60" for Proz. 

Ala-Pro-Gly. Introduction of a methyl side chain at  residue 
1 in the tripeptide may be clearly perceived from the $1-$2 

energy surface shown in Figure 2B. The global minimum 
corresponds to = 60' and $2 = 120' and the energy a t  $ 1  

= $2 = 120" is 2.20 kcal/mol, relative to the global minimum. 
Except for the regions extending from $ 2  N - 160' to - 180" 
and $2 N 100' to 180" for $1 = 180' to 180' and a small 
isolated region with = -30' to 60' with $ 2  = -70' to 
-90", the rest of the $ I - $ ~  region is completely forbidden. 
While generating the $1-$2 energy surface, $ 1  = -100' for 
Alal and $ 2  = -60" for Pro2 residues were assumed. A per- 
spective of a low-energy conformation is given in Figure 5B. 
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FIGURE 3: $I-$* energy surfaces in kcal/mol relative to the global minimum marked by the symbol x for: (A) L-Val-L-Pro-Gly with $I  = -loo', 
$2 = -60°, $3 = +180', and $3 = t180": (A) local minima occurring within the area of hydroxylation. (B) Sar-L-Pro-Gly with $1 = loo', $2 = -60°, 
$3 = t 180°, and $3 = t 180'. The symbol t denotes the conformation at  $1 = $2 = 120' which corresponds to the ideal conformation of HCO-L-Pro- 
~-Pro-Gly-NHz. 
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FIGURE 5:  (A) A perspective of the minimum-energy conformation of 
L-Pro-L-Pro-Gly with $1 = -60" and $1 = 120°, $2 = -60', $2 = I 20°, 
$ J ~  = -60°, and $3 = -170". (B) A perspective of a low-energy confor- 
mation for -L-Ala-L-Pro-Gly- with $ 1  = -loo", $1 = 90°, $2 = -60", 
$2 = 1 20°, $3 = t I 8 O 0 ,  and $3 = t 180'. 

Leu-Pro-Gly. Leu-Pro-Gly has a pronounced minimum (see 
Figure 2C) at $1 = 60' to 80' and $2 = 110' to 120°, and the 
energy at $1 = $2 = 120' is 2.40 kcal/mol relative to the global 
minimum. Around the global minimum, there are quite a 
number of local minima within a range of 1 to 2 kcal/mol. In 
addition, there is a very small isolated region centered around 
$1 = 120 f 10' and $2 = 120 f 10' with an energy of ap- 
proximately 2 to 3 kcal/mol less stable than the global mini- 
mum. Torsion angles corresponding to the local minimum are 
in reasonable agreement with the values of torsion angles + I  

and $2 of 153' and 162', respectively, obtained by Leung and 
Marsh (1958) for L-Leu-L-Pro-Gly, While generating the 

energy surface, $1 = -100' for Leu1 and $2 = -60' for 
Pro2 were assumed. 

Vul-Pro-Gly. The effect of an isopropyl side chain intro- 
duces even more drastic changes in the $1-142 energy surface 
shown in Figure 3A. The global minimum shifts to the lower 
right-hand side of the map. The global minimum corresponds 
to $1 50' and $2 = -90', and the energy at $1 = $2 = 120' 
is 3.60 kcal/mol relative to the global minimum. However, 
local minima with a range of energies of + 1 to +2 kcal/mol, 
less stable than the global minima, do occur in the region with 
$1 = 10-70°, $2 = 110-140°, and at $1 N 20' and $2 N 

-98'. Elsewhere in the $I-$* energy surface the energies are 
relatively high and therefore the probability of Val preceding 
a Pro occurring in these regions is small. While generating the 
$ 1 - 4 2  map, a $1 = -100' for Val1 and $2 = -60' for Pro2 
were assumed. 

Phe-Pro-Gly. Phe-Pro-Gly has a broad minimum in the 
region with $1 = 60 to 120' and $2 = 120 to 180'. The global 
minimum occurs at $1 = 90' and $2 = 1 loo, and the energy 
at $1 = $2 = 120' is 0.60 kcal/mol relative to the global 
minimum. The region with = - 180 to + 1 80' and $2 = -60 
to +160° is completely disallowed. 

Sur-Pro-Gly.  Sar-Pro-Gly has a pronounced minimum at 
$1 = 20' and $9 = 70°, and to the energy at  $1 = $2 = 120' 
is 14.80 kcal/mol relative to the global minimum (see Figure 
3B). Except for a narrow region extending from = -60' to 
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It may be postulated that the stereochemical restrictions at  the 
-X-Pro- peptide bond contribute to the regulation of optimal 
conformational "adjustments", arising as a result of polytri- 
peptide-enzyme interaction. An examination of the confor- 
mational features of various tripeptide sequences in relation 
to their ability to undergo hydroxylation should provide insight 
into the mechanism of catalysis by prolyl hydroxylase. 

When the conformational features of the polytripeptides 
were compared, it became apparent that in the case of those 
polypeptides which were hydroxylated the global minima were 
located within a small area of the $1-$2 plot, defined by $1 = 
100 f 40" and $2 = 130 f 30". The polytripeptide (Pro-Pro- 
Gly),, the best substrate among the polymers examined, has 
a limited flexibility, and the experimentally determined min- 
imum for the -Pro-Pro-Gly- tripeptide sequence falls within 
a range of conformations which may be regarded as the area 
of hydroxylation. This polypeptide appears to be locked in the 
conformation defined by = 127" and $z = 148" (Yonath 
and Traub, 1969). The above values of torsion angles $, and 
$2 were obtained by Yonath and Traub from an X-ray study 
of (Pro-Pro-Gly),. However, our calculations on HCO-L- 
Pro-~-Pro-Gly-NH2 predicted a $ 1  = 120° and $2 = 120°, 
respectively, for the two residues. 

In the case of the tripeptide sequence -Ala-Pro-Gly-, the 
conformation with the global minimum also occurs within the 
area of hydroxylation, and this conformation is energetically 
favored over other conformations. The perspective of a low- 
energy conformation is given in Figure 5B, and presumably 
this is the "hydroxylatable" conformation which serves as the 
"recognition site" for the enzyme and with the above $ 1  and 
$ 2  it bears a striking similarity to the perspective of Pro-Pro- 

The tripeptide sequence Leu-Pro-Gly is a rigid molecule and 
its conformations with the global minima fall within the 
designated area of hydroxylation. The solid-state conformation 
of Leu-Pro-Gly as determined by X-ray crystallography 
(Leung and Marsh, 1958) is in reasonable agreement with the 
local minimum calculated. 

For the tripeptide sequence Val-Pro-Gly, a low-energy 
conformation occurs within the area of hydroxylation, with $ 1  

= 60 f 10" and $2 = 100 f IO", although the global minimum 
of slightly lower energy (<0.2 kcal/mol) occurs outside the 
area of hydroxylation. The lower levels of hydroxylation in 
(Val-Pro-Gly), may be due to the occurrence of two low- 
energy conformations of approximately equal energy and due 
to the fact that the global minimum of slightly lower energy 
conformation is located outside the hydroxylation area. In 
addition, (Val-Pro-Gly), has moderate solubility. 

The tripeptide sequence Phe-Pro-Gly has a preferred con- 
formation within the area of hydroxylation. However, due to 
the insolubility of the polymer (Phe-Pro-Gly),, very low levels 
of hydroxylation were observed. The validity of the concept of 
permissible conformational range in this case was confirmed 
by examination of the sequence of the a-1 chain of collagen. 
I n  all seven tripeptides of the type Phe-imino-Gly where Phe 
appeared on the N terminal of the imino residue, the imino 
residue was invariably Hyp. The high levels of hydroxylation 
of Phe-Pro-Gly sequences in collagen suggest that if  the po- 
lytripeptide were indeed soluble the tripeptide sequence would 
present a favorable conformation for interaction with the en- 
zyme. 

As evidenced from the contour maps, peptides containing 
the sequence Gly-Pro-Gly are highly flexible. Due to the in- 
herent flexibility, there are a large number of equally probable 
low-energy conformations distributed all over the $ 1 4 2  energy 
surface, both inside and outside the area of hydroxylation, and 

Gly. 

TABLE I: Hydroxylation of Polytripeptide Models of Collagen by 
Prolyl Hydroxy1ase.O 

fract of susceptible 
polymer Pro hydroxylated (%) 

(Pro-Pro-Gly), 30.0 

( Ala-Pro-Gly), 16.0 

(Val-Pro-Gly),b 5.0 

(Gly-Pro-Gly), < 2  

(Leu-Pro-Gly), 10.2 

(Phe-Pro-Gly), < 3  
(Sar-Pro-Gly), <2  
(Pro-Pro-Pro), <2  

Hydroxylation was carried out as described in the text. All poly- 
peptides had a molecular weight of approximately 4000, on the basis 
of gel filtration. (Val-Pro-Gly), was moderately soluble in water. 

(Phe-Pro-Gly), was insoluble in water. 

+60° and $2 = 40" and 80' and a small region centered 
around $1 = 20" and $2 = -70°, the rest of the map is disal- 
lowed. 

Using the above data from the $1-$2 energy surfaces, Figure 
4 was constructed, as described under Materials and Methods. 
For all the peptides that undergo significant hydroxylation, 
the global minimum occurred within an area designated as the 
area of hydroxylation. The relative hydroxylation of proline 
in polytripeptides of comparable molecular weights is given 
in Table I. Significant amounts of hydroxyproline were syn- 
thesized only when (Ala-Pro-Gly),, (Leu-Pro-Gly),,, and 
(Pro-Pro-Gly), were used as substrates, i.e., points 2a,3,  and 
8, respectively (see Figure 4). When (Gly-Pro-Gly), or (Sar- 
Pro-Gly), was used as substrate, only trace amounts of hy- 
droxyproline were synthesized. Low levels of hydroxylation 
observed with (Val-Pro-Gly), and much lower levels with 
(Phe-Pro-Gly),, points 4b and 5 respectively, were attributable 
to the low solubility of these polymers under the conditions of 
the reaction and a conformation other than the global mini- 
mum. The degree of hydroxylation determined as the ratio of 
hydroxyproline to total proline in the -Pro-Gly- sequence was 
greatest for (Pro-Pro-Gly),, followed in order by (Ala-Pro- 
Gly), and (Leu-Pro-Gly),. The degree of hydroxylation was 
consistent with the K ,  values for the peptides. When larger 
molecular weight fractions of (Leu-Pro-Gly), ranging up to 
9200, (Val-Pro-Gly), up to 25 000, and (Sar-Pro-Gly),? up to 
9900 were used, the hydroxylation was better than with lower 
molecular weight polymers (Rapaka and Bhatnagar, in 
preparation). 

Discussion 
Hydroxyproline is synthesized during the posttranslational 

modification of collagen, and it adds considerable stability to 
the triple helix. Under the conditions of hydroxylation, (37 "C, 
pH 7.4-7.8), unhydroxylated collagen exists in random con- 
formations (Rosenbloom et al., 1973; Berg and Prockop, 1973). 
The triple helical conformation of collagen presents a barrier 
to the enzymatic reaction (Prockop et al., 1976). The specificity 
of the enzyme for its polypeptide substrate appears to be largely 
dependent on the presence of the -Pro-Gly- peptide bond. Our 
studies indicate that the residue on the N terminal of the pro- 
line may regulate the hydroxylation of proline in synthetic 
polytripeptides. Interactions of the proline ring with the side 
chains of the residue on its N-terminal side restrict the con- 
formational range of this peptide bond (Schimmel and Flory, 
1968; Grathwohl and Wuthrich, 1976; Zimmerman and 
Scheraga, 1977; Hopfinger and Walton, 1970; Urry, 1976; 
Rapaka and Urry, 1978; Urry and colleagues, in preparation). 
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the conformations that occur inside the area of hydroxylation 
are not particularly favored. Hence, the relative number of 
conformations that occur in the area of hydroxylation are only 
a small percentage of the total number of low-energy confor- 
mations, thus resulting in insignificant levels of hydroxyl- 
ation. 

(Sar-Pro-Gly), was shown to exist in a non-triple-helical 
conformation (Ananthanarayanan et al., 1976). The calculated 
preferred conformations for the tripeptide sequence are outside 
the area of hydroxylation, and the peptide does not undergo 
significant hydroxylation. Hence the experimental results are 
in agreement with those from the predicted conformational- 
energy calculations. Polyproline 11, which may be written as 
(Pro-Pro-Pro),, has a conformation outside the area of hy- 
droxylation, and it does not get hydroxylated (Prockop and 
Kivirikko et al., 1969). However, it may be pointed out here 
that (Pro-Pro-Pro), is not analogous to an X-Pro-Gly pep- 
tide. 

It is suggested above that the ideal substrate is (Pro-Pro- 
Gly), and hence it is reasonable that it presents an ideal con- 
formation initially to be recognized by the enzyme and fol- 
lowing that conformational changes may be induced in the 
peptide prior to hydroxylation. We also investigated the pos- 
sibility that after a peptide presents a low energy conformation 
to be recognized by the enzyme in the designated $1-$2 area, 
conformational changes may be induced in the peptide to 
mimic a conformation corresponding to that of Pro-Pro-Gly. 
To that end, AE, i.e., the difference in conformational energy 
of the tripeptide a t  the global minimum, arbitrarily set equal 
to 0 kcal/mol ( E l )  and the energy of the same tripeptide at the 
preferred conformation of Pro-Pro-Gly (E2)  with $1 = 120’ 
and $2 = 120’ was calculated (see Table 11). The above values 
of $q and 1,b2 were taken from our calculations. In other words, 
this energy difference would be a measure of the conforma- 
tional energy required by any given tripeptide in order to attain 
or mimic the ideal conformation assumed by Pro-Pro-Gly. The 
results are shown in Table 11. However, these data are to be 
interpreted cautiously. As seen in Table 11, Sar-Pro-Gly and 
Pro-Pro-Pro, where AE is very high, do not get hydroxylated. 
For Gly-Pro-Gly, which has several low-energy conformations, 
and hence AE cannot be calculated, also does not undergo 
hydroxylation. As expected, AE is small in all the other pep- 
tides that undergo hydroxylation. The order of the relative 
energies is Phe-Pro-Gly < Ala-Pro-Gly < Leu-Pro-Gly < 
Val-Pro-Gly. It is in agreement with the experimental data, 
as the relative degrees of hydroxylation of the polytripeptides 
follow the order Ala-Pro-Gly > Leu-Pro-Gly > Val-Pro-Gly. 
From the above data, it is also expected that the sequence 
Phe-Pro-Gly should be a very good substrate for hydroxylation; 
however, this fact could not be verified experimentally due to 
the insolubility of (Phe-Pro-Gly),. The high level of hydrox- 
ylation observed for the Pro residue in the Phe-Pro-Gly se- 
quences in collagenous chains is consistent with the results 
predicted from the conformational-energy calculations. 

The involvement of conformational changes in the mecha- 
nism of enzyme-catalyzed reactions is well recognized (Citri, 
1973). According to the induced-fit model, binding of the 
substrate to the enzyme active site results in conformational 
changes which align the reactive and catalytic groups, thus 
facilitating the reaction (Citri, 1973). In the case of the prolyl 
hydroxylase reaction, the substrate polypeptide may also un- 
dergo conformational changes. This is suggested by the re- 
quirement that the substrate be in a specific conformation for 
interaction to occur between the polypeptide and the enzyme. 
A conformational change in the polypeptide substrate may help 
in aligning the prolyl residue to be hydroxylated, in apposition 

TABLE 11: Conformational Energy Differences, AE,  in kcal/mol 
for the Tripeptide Sequences. 

E2 energy at ideal 
tripeptide El energy conformation“ 

Pro-Pro-Gly 0 0 
Ala-Pro-Gly 0 2.20 
Leu-Pro-Gly 0 2.40 
Val-Pro-Gly 0 3.60 
Phe-Pro-Gly 0 0.60 
Gly-Pro-Gly 0 c 
Sar-Pro-Gly b 0 14.80 
Pro-Pro-Pro 0 d 

Ideal energy conformation was assumed to be that of Pro-Pro-Gly 
with $1 = 120” and $2 = 1 2 0 O .  A trans conformation was assumed. 

Cannot be estimated due to multiple conformational energy minima. 
Rigid conformation high energy difference. 

to the ather two reactants, 02 and a-ketoglutarate, both of 
which are presumably bound to appropriate groups on the 
active site. Alterations in the conformation of the substrate 
have been considered in explaining the mechanism of lysozyme 
and other enzymes (Citri, 1973; Koshland and Neet, 1967; 
Blake et al., 1967; Levitt, 1974; Eyring et al., 1954; Johnson 
et al., 1974; Jencks, 1976; Dafforn and Koshland, 1971). La- 
bilization of a susceptible group by polarization of an atom 
pair, leading to a charge separation, is a unique aspect of ca- 
talysis. The selective penetration of the substrate into the 
catalytic cavity followed by the polarization of the susceptible 
atom pair by a highly localized electric field within the cavity 
may be driven by forces including conformational energy which 
may be components of the overall potential energy of the en- 
zyme as proposed by Green (1974). Quantum mechanical 
calculations suggest that an electrophilic substitution mech- 
anism may be involved in the hydroxylation of proline (Za- 
haradnick et al., 1971). Polarization at the y carbon of the 
susceptible proline residue by mechanisms discussed above 
would facilitate hydroxylation by electrophilic substitution. 
Another aspect of induced conformational change in the sub- 
strate may relate to the entropic effects which make major 
contributions to the acceleration of reaction rates by enzymes, 
utilizing substrate binding forces to act as “entropy traps” 
(Jencks, 1976; Green, 1974; Lumry, 1974). Such a mechanism 
has been used to explain the hydrolysis of the peptide bond by 
chymotrypsin (Lumry, 1974; Lumry and Rajender, 197 1 ; 
Martinek et al., 1972). The formation of the activated en- 
zyme-substrate complex results in a large loss of entropy. In- 
creasing a-carbon side-chain size increases the negative en- 
tropy and decreases the enthalpy of activation and thereby 
increases the catalytic rate. The differences in the hydroxy- 
latability of different tripeptide sequences may well be related 
to conformational features in the same way as the conforma- 
tional changes in peptides relate to their hydrolysis by chy- 
motrypsin. In  case of the substrates of chymotrypsin, the a- 
carbon side chains play a role both in binding and in bond re- 
arrangement steps. It has been proposed (Lumry, 1974; Lumry 
and Rajender, 1971; Martinek et al., 1972) that these steps 
involve a binding mechanism and possibly include the 
“charge-relay” system (Lumry, 1974). The electronic prop- 
erties of the charge-relay system are conformationally con- 
trolled (Llinas and Klein, 1975). 

It is interesting to speculate that the hydroxylation of proline 
in synthetic polytripeptide analogues of collagen may proceed 
by a mechanism in which conformational changes induced in 
the substrate contribute to catalysis by placing the three re- 
acting molecular species, namely, the y carbon of the peptidyl 
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proline to be hydroxylated, 0 2  and a-ketoglutarate, in juxta- 
position, and “activating or destabilizing” the substrate y 
carbon by polarization of certain bonds, resulting in the in- 
creased susceptibility to electrophilic substitution. 
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