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The geometry of crambin, a protein with 46 residues, was determined by ab initio HF/4-21G geometry
optimization. The results are compared with the crystal structure of the compound and with HR¢4y21G
conformational geometry maps calculated for the model dipeptideetylN'-methylalaninamide. Root-
mean-square (rms) deviations between calculated and crystallographic backbone structural parameters are
1.5° for N—C(a)—C' and 0.013 and 0.017 A, respectively, for8(c) and C)—C'. In the case of N-C(o)—

C' the rms deviations are small compared to the observed range of values, which is f@ghto >118°,
confirming a definite conformational dependence of peptide backbone structural parameteaad. In

contrast, the deviations in bond lengths are of the same magnitude as the overall variations. The considerable
nonplanarity of the peptide units found in the crystal structure is well reproduced by the calculations. When
the calculated and crystal structures are superimposed, the rms positional deviation is 0.6 A for the heavy
atom framework and 0.4 A for the backbone chain. The phenomenon of helix compression is confirmed that
is found in elongated helical chains compared to isolated residues or smaller oligomers.

Introduction approach for the calculation of the gradients. In the MIA
proceduré*3>products of two basis functions, as they occur in
the SCF formalism, are expanded in terms of a set of auxiliary
functions. Applying this expansion to the charge distribution
in a two-electron integral reduces the formildependence of
the Fock matrix td\®, whereN is the number of basis functions.
Since the expansion in terms of auxiliary functions is not exact,
those electron repulsion integrals for which the concomitant error
exceeds a preset threshold are systematically corrected, so that
the final results are identical with those obtained from the
conventional SCF procedure. When the MIA approximation
is implemented in combination with the direct SCF apprach,
the resulting method scales linearly with system ize
building the Fock matrix. Linear scaling was previously

Ab initio geometry optimizations of peptides are a valuable
source of information on the structural properties of peptides
and proteins. Even the earliest studigsf this kind, involving
HF/4-21G gradient:> geometry optimizations of thi-acetyl-
N'-methyl derivatives of glycineand alaniné revealed unex-
pected details of the flexibility of peptide geometries in close
agreement with the crystal structures of oligopepfideand
proteins®~10 |n the meantime many similar studies have been
performed=5° employing various basis sets and ab initio
computational technigues.

While the earliest ab initio geometry optimizations typically
involved model dipeptides21+42 only much later followed by
oligopeptides?~50 recent advances in both computer hardware : :
and software make it now possible to refine the structures of achle_ved only by a quantum mechamcgal tree Edfeor an
entire proteins. As a first example the complete HF/4-21G algorithm based on .fa.st m_ultlpole meth S )
geometry refinement of crambin is reported in this paper. 1he geometry optimization of crambin was performed using
Crambin is a small hydrophobic protein with 46 residues that & modified version of the normal coordinate force relaxation
was selected for this study because its crystal structure has beeNCFR) procedure by Sellers et @l. Based on the normal
determine8-53 with high resolution. It is the purpose of this ~coordinate program by Gwifihand its modification by Sellers
paper to describe details of the computations and to present the?t al->* which both were designed for the specific purpose of
results of comparisons between the ab initio structural trends USing redundant internal coordinates to generate normal coor-
and the experimental struct#es® of crambin, and between  dinates, the NCFR is the prototype of geometry optimization
the protein and HF/4-21G structural geometry maps recently Schemes in which redundant internal coordinates are used to

calculated for the model dipeptids;acetyN'-methylalanina- relax forces along uncoupled coordinates that can be constructed

mide8 in a fully automatic way. The advantages of using redundant
internal coordinates were recently rediscovered by Pulay and

Methods FogarasP* who significantly improved the procedure by

) ] ) implementing GDIIS techniques and curvilinear displacement
The structure of crambin (642 atoms) was refined using the ¢qordinate$?

i i 4,55
MIA approximatiort**>for the SCF procedure and a standard In the current calculations the 4-21G basis s&s used for

t Universitaire Instelling Antweroen all first-row elements, and the 3-321G bé&3fer sulfur, yielding
* University of Arkansa?s. pen. a computational problem with 3597 basis functions. To our
8 Weizmann Institute of Science. knowledge crambin is the largest system whose structure has
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been refined at the ab initio level. Each cycle of the geometry TABLE 1: Structural Parameters of the ab Initio HF/4-21G
optimization required approximately 80 h of CPU time on a Optimized Geometry of Crambin®
DEC/Alpha Station 600 (5/266) with 256 MB memory, and 79 res ¢ P N—C(a)—C' N—C(o) C(a)—C )
cycles were completed for the results of this study. A larger 10771 15224 10856 14546 15184  179.86
single-point SCF/3-21G energy calculation was recently per- —134.81 131.04 105.64 1.4557 1.5357-176.03
formed on P53 with 698 atoms and 3836 basis functions. Since —118.33 15194  110.02 1.4563 1.5337175.73
P53 has an extended ribbonlike structure while that of crambin —81.51 -21.32  112.28 1.4777  1.5195-178.72
is globular, the latter is burdened by a larger number of —149.32  164.67  109.95 1.4480  1.5179-177.00
nonnegligible overlap distributions compared to the former. :gg:gg :ig:gg igg:gg iiggg i:gggé_ﬂi;&?gl
Atomic coordinates of crambin taken from the PDB1cnifile ~57.79 —4455  110.10 1.4606 15322 179.31
of the Brookhaven Protein Data Bdffkvere used to start the 10 —-61.54 —43.79  110.56 1.4656 15246  179.38
geometry optimizations. At the current level of refinement, all 11 —-56.77 —47.03  110.14 1.4566 1.5305-177.51
internal coordinates of crambin are essentially relaxed. Changesig *gg-gg *jg-gg iég-gg i-jggg iggg; 17%2‘282
between two successive cycles amount to 0.0002 A for bond 14 :59:47 :45:46 110.42 1.4550 1:5322_ 178.14
lengths and<0.5° for valence and torsional angles. Changes 15 _5930 —47.38 109.82 1.4651 1.5343—179.42
in hydrogen bond lengths amount to 0.007 A, and @sd 1.5 16 —-53.91 -36.52 111.88 1.4587 1.5310-176.25
for associated bond and torsional angles, respectively. Thesel7 -79.05 -11.89  114.59 14535 1.5293-173.13
criteria of relaxation are less stringent than those that we 18 _gg-g‘i _3181-1913 111143;2057 11-‘2563971 11-55%50% 117785-0291
customarily apply to small molecules. However, the resulting 20 10116 500  113.87 14464 1522917151
structure is sufficiently optimized to allow for meaningful 51 5208 13263 10946 14478 15232 176.25
comparisons with other structural data. The structural param- 22 —56.99 144.22  112.19 1.4594 1.5243-173.39
eters needed for these comparisons were calculated from the23 —-60.19 —32.80  111.55 1.4604 1.5187-175.72

Cartesian coordinates using the MSI/BIOSYM molecular mod- gg —%ig —gi-ﬁ ﬁég% i-iggg 1-2232_172-775?72
: 187 —75. —34. . . . .
eling software suité! 26 —66.74 —30.13 11088 14497 15408 176.95

_ _ 27 —64.92 -50.38 11062  1.4663 1.5290—178.00
Results and Discussion 28 —68.72 -23.23 11312 14554 15369  174.02

- 29 —69.12 -3546  112.37 1.4613 1.5365—164.95
Structural parameters characteristic of the HF/4-21G geometry 35 _11379 —18.88  117.22 14515 1.5281—166.69

of crambin are listed in Table 1. They include for each residue 31 82.41 7.35 113.82 1.4497 15306  169.91
i, wherei = 2—45, the backbone parameters-B(a), C(a)— 32 —-77.15 155.82  109.13 1.4453 1.5421-176.82

C', N—C(a)—C, the torsional angleg(N—C(a)), (C(a)—C), 33 —125.63 160.82 109.47 1.4519 1.5273 179.87
andw(N—C'). The full set of optimized Cartesian coordinates 34 —11515 12982 106.69 14670 1.5298  174.69

o ; B . -~ 35 —130.30 155.73  108.91  1.4495 15244  178.12
is included in Table 2, which is deposited as Supporting 35 _g189 —-17.11 11330 14714 15268  175.80

Information. 37 -81.34 —177.00 11159  1.4423 15317-176.10
Some time ago Cao et &i° described a program that 38 —115.38 6.98  113.00  1.4689 1.5356-178.97
calculates the HF/4-21G backbone bond lengths and angles of39 —12361 12475  107.00 14569 1.5247  177.03

the model dipeptideN-acetylN'-methylalaninamide at any 41 :32'82 igg'ig 188'8? 1'22% 1'222;171122'09

arbitrary point in its¢,ip-space. Using this program, the HF/ 5 _ga'56 —2349  115.69 14605 15329  178.38
4-21G dipeptide values of NC(a), C(o)—C', and N-C(o)— 43 —81.89 —12.30 11247  1.4546 15364  179.66
C') were calculated for the current study at thandy angles 44 —-133.34 5090 107.55 1.4498 1.5312-176.89
of the residues of crambin obtained by the HF/4-21G geometry 45 —103.71 ~ 11.12  113.01 14597 1.5331  166.44
refinement of the entire molecule. Both sets, the HF/4-21G  afor each residue the torsional angs@—C(a)), 1(C(0)—C)),
dipeptide results and the HF/4-21G whole-molecule crambin andw(N—C') and the backbone parameters 8(a)—C', N—C(a), and
results, are compared in Figures—13a. C(a) C' are given. All lengths are in A; all angles in deg. Column
Similar comparisons, but between the HF/4-21G parameters TeS" lists the residue number of the crystal structtiré?
of crambin and the crystal structute>® are given in Figures  value (112.8), but not less than the average HF/4-21G value
1b to 3b. The pdblcnr file was selected from the Brookhaven calculated for crambin as a whole (119.8 The special feature
Protein Data Barfi for these comparisons, even though more of the ag-helical regions is also apparent from the fact that the
recent crystallographic studies of crambin are now avaifziste, average values of the-NC(a)—C' angles in the nonhelical parts
because the starting geometry of the ab initio calculations was of crambin are 110%7 111.2, and 112.1 for the HF/4-21G
constructed from this molecular form. Finally, a comparison dipeptide, HF/4-21G crambin, and the crystal structure, respec-
between the ab initio and crystallograpli¢N—C') torsional tively. Thatis, the opposite trend is found between the dipeptide
angles is given in Figure 4 and a superposition of the HF/4- and protein geometries.
21G and crystallographic coordinates is shown in Figure 5. In previous evaluatio§%° of HF/4-21G structures, geo-
Helix Compression. For the ar-helical regions, residues metrical trends in organic functional groups of the kind
7—16 and 23-29, the average value of theNC(a)—C' angles considered here (i.e., conformational differences between pa-
in the HF/4-21G dipeptide structures (119.8 1.8 larger than rameters of the same type) were found accurate at the level of
the average angle (110)8n the HF/4-21G structure calculated several tenths of a degree. Thus, the helix compression effect,
for the molecule as a whole. The two values demonstrate helix ~1.5°,%10is significantly above the error limits of the compu-
compressiofr? in the polymer chain compared to the single tational procedures. A similar phenomengrexpansion, is also
(dipeptide) residue. That is, due to cooperative effects, the found in polypeptide systenfs? but crambin does not have a
N—C(a)—C' angles in elongatedi-helices are compressed sizable fragment in this exact conformational region that would
compared to single residues. Indeed, the average value ofclearly illustrate this effect.
N—C(o)—C' in the sameog-helical regions in the crystal- In general, when the HF/4-21G dipeptide results are compared
lographic structurd=>%3is 111.9, i.e., less than the dipeptide  with the HF/4-21G crambin results (Figures-2a), it is seen
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Figure 2. (a) Comparison of HF/4-21G optimized dipeptide and
crambin N-C(a) bond lengths. The dipeptide values were calculated
at the HF/4-21Gp,y-torsions of crambin as described in the text. (b)
Comparison of crystallographic (pdblctrand HF/4-21G optimized
N—C(a) bond lengths of crambin.

Residue

Figure 1. (a) Comparison of HF/4-21G optimized dipeptide and
crambin N-C(a)—C' backbone angles. The dipeptide values were
calculated at the HF/4-21@,y-torsions of crambin as described in
the text. (b) Comparison of crystallographic (pdblehend HF/4-21G
optimized N-C(a)—C' angles of crambin.

that the N-C(o)—C' angles in the two sets follow rather similar ~Pond lengths are among the most optimized parameters of the
trends, in contrast to the bond lengths;8(c) and Cf)—C'. ab initio structure of crambin (largest residual force in any bond
The same is found (Figure 1b) when the whole-molecule HF/ 1S 0.003 mdyn, corresponding to a further improvement of
4-21G parameters of crambin are compared with the crystal- ~0-0005 A), they are essentially relaxed at the chosen point in
lographic value§!—53 The root-mean-square deviation between Cconformational space. Thus, with near certainty the discrep-
the N-C(a)—C' angles in the HF/4-21G dipeptide and whole- ancies noted above are not an artifact of refinement. At the
molecule crambin structures is 1,7nd it is 1.5 between the ~ Same time, comparisons with the crystal structure are affected
latter and the crystallographic structure. These deviations arePy €xperimental error and by the fact that the ab initio bond
small compared to the full range of values observed for lengths are refined at torsional angles that are not exactly the
N—C(a)—C' 553 which is from <108 to >118. Theresults  Same as those of the crystal structure.

confirm the conclusion put forth previoudi¥®-1° that there is Nonplanarity of Peptide Groups. In a recent revieW

a definite conformational dependence of peptide backbone MacArthur and Thornton described a survey of peptidsl—

structural parameters apandqy. C') torsional angles taken from crystallographic data. They
The trends found for the various sets of the-G(o) and found that substantial deviations from planarity can be found

C(a)—C' bond lengths (Figures 2a, 3a, 2b, and 3b) are not in that arise both from pyramidalization at the amino nitrogen atom
close agreement. The rms deviations are 0.009 and 0.007 A and from a twist about the peptide bond. It is seen from Figure
respectively, between the HF/4-21G whole-molecule crambin 4 that the significant deviations ef angles from planarity that
and dipeptide parameters and 0.013 and 0.017 A, respectivelyare found in the crystal structure of cramBirt® are well
between the HF/4-21G crambin and crystallographic results. In reproduced by the HF/4-21G calculations.

these cases the deviations are large compared to the overall HF/4-21G calculations are not the most accurate means of
parameter changes, and moreover, as seen from Figures 2a, 3&mulating deviations from planarity for peptide groups. Subtle
2b, and 3b, the different sets display entirely diverging trends. pyramidalization effects at the nitrogen atom or small twists of
We take these results to mean that the bond lengths are mordhe w angle from 180 are without any doubt affected by
sensitive than the bond angles to changes in electronic effectspolarization functions and electron correlation effects. However,
which are encountered on going from a single residue to a when the deviations from planarity are significant, HF/4-21G
polymer, and from an isolated molecule to a system in the crystal geometry optimizations provide a good first-order estimate.
environment. The difference, specifically, between the dipeptide Indeed, it is seen from Figure 4 that the calculated and
and the polymer points to delocalization effects which are active crystallographiavy angles are generally in good agreement, with
in the elongated chain but not in the single residue. Since the exceptional deviations in a small number of isolated places, i.e.,
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Figure 3. (a) Comparison of HF/4-21G optimized dipeptide and

crambin C{)—C' bond lengths. The dipeptide values were calculated

at the HF/4-21Gp,y-torsions of crambin as described in the text. (b)
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C(a)—C' bond lengths of crambin.
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Figure 4. Comparison of crystallographic (pdblctrand HF/4-21G

optimizedw-torsional angles of crambin.

in the vicinity of residues 1922, 29, and 4645. The latter

are located in a part of the molecule, beyond residue 34, where
the main chain temperature factors are at a plesd that the
molecular structure is less well defined. We will exclude this
part of the molecule from our further analysis.

J. Phys. Chem. A, Vol. 102, No. 12, 199849

Figure 5. Superposition of the crystallographic (pdb1éhgnd HF/
4-21G optimized heavy-atom framework of crambin.

and each of the corresponding bends involves a proline residue
(19 and 22). It is possible that such a complex structural
seqguence is not correctly modeled by the HF/4-21G calculations.
Interestingly, unusual discrepancies around residue 20 are also
found for N—C(a) and C()—C', comparing the dipeptide and
protein values (Figures 2a and 3a) and the ab initio and
crystallographic parameters (Figures 2b and 3b). The mere
presence of proline very likely is not the cause of the
discrepancies noted above, since the calculated and experimental
o angles are in good agreement (Figure 4) in the vicinity of
Pro-5.

Apart from these deviations, the calculated and experimental
o angles follow a rather similar pattern. At the beginning of
the protein chain, the values start in the vicinity of 180
proceeding to<18C in the vicinity of residue 15, and rising
above 180 at residue 17. Most striking is the turn froml90°
to <17C in the vicinity of residue 30, which is displayed by
both the calculated and the experimental structures. Overall it
seems that the calculated values are somewhat more flexible in
either direction than the experimental deviations from planarity,
which is in agreement with the absence of polarization functions
in the HF/4-21G basis set.

In the vicinity of disulfide bridges (between Cys-16 and Cys-
26, Cys-3, and Cys-40, and between Cys-4 and Cys-32), the
calculated and experimental angles are in close agreement
except for the high-amplitude end of the molecule.

In agreement with the closeness of calculated and experi-
mental parameters, the overall topologies of the experimental
and calculated structures of crambin are rather similar. A
superposition of the HF/4-21G and crystallographic heavy atom
frameworks is shown in Figure 5. The rms positional deviation
is 0.6 A for the heavy atom framework and 0.4 A for the
backbone chain.

Conclusions

The deviations at residues 20 and 29 may be related to the During the early 1980s ab initio geometries were for the first
fact that both are at the end of an area of maximum solvent time calculated with sufficient accuracy to make the resulting
accessibility2! In particular, the six-membered ring of Tyr-29  structures useful in experimental conformational analyses,
is highly exposed to the crystal environment, and it is possible mainly by gas electron diffraction and microwave spectro-

thatwyg is significantly affected by intermolecular interactions.
Residues 1921 form one of the five turns of cramb.

Hydrogen bond-like interactions exist between N20 and

0=C17 (~2 A) and between N25H and C22=0 (~2.3 A),

scopy/1~7% providing efficient constraints of data analysis in
cases in which the experimental observations did not afford the
complete resolution of all structural parameters. In current
protein crystallography, too, it is frequently not possible to obtain
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atomic resolution diffraction data, and restraints taken from

libraries of ideal geometriés are an integral part of data

Van Alsenoy et al.

(26) Head-Gordon, T.; Head-Gordon, M.; Frisch, M. J.; Brooks, C. L.;
Pople, J. Alnt. J. Quantum Chem., Quantum Biol. Syrhf89 16, 311.
(27) Jiao, D.; Barfield, M.; Hruby, V. 1. Am. Chem. S0od993 115

analysis. In this area of application it is an advantage that ab 1pggs3’

initio geometries can now be determined of fragments which

(28) Klimkowski, V. J.; Schiter, L.; Momany, F. A.; Van Alsenoy, C.

are large enough to provide information that can be specific to J- Mol. Struct 1985 124, 143.

a given case, in contrast to information taken from standard
peptides, and because they allow for defining conformationally

(29) McAllister, M. A.; Perczel, A.; Csaszar, P.; Viviani, W.; Rivalil, J.
L.; Csizmadia, I. GJ. Mol. Struct 1993k 288 161.
(30) Perczel, A.; Angyan, J. G.; Kajtar, M.; Viviani, W.; Rivail, J. L,;

flexible geometrical parameters, in contrast to the rigid restraints Marcoccia, J. F.; Csizmadia, I. @. Am. Chem. Sod 9913 113 6256.

that are currently in usf.

It is a particular advantage of the calculations that fragments

(31) Perczel, A.; Farkas, O.; Csizmadia, |. &5 Comput. Chenl996
17, 821.
(32) Perczel, A.; Kajtar, M.; Marcoccia, J. F.; Csizmadia, 1.JGMol.

of variable sizes can be compared in a consistent way, thusStruct 1991h 232, 291.

allowing the identification of those trends that emerge in
The helix

growing chains and are specific for proteins.

(33) Ramek, M.; Kelterer, A. M.; Teppen, B. J.; Stééra L. J. Mol.
Struct 1995 352/353 59.
(34) Sapse, A. M.; Daniels, S. B.; Erickson, B. Wetrahedron1988

compression found in crambin is an example. The divergence 44, 999,

found between the dipeptide unit and crambin in the vicinity

of residues 2622 may point to similar effects characteristic

(35) Sapse, A. M.; Fugler, L. M.; Cowburn, Int. J. Quantum Chem
1986 29, 1241.
(36) Sapse, A. M.; Mallah-Levy, L.; Daniels, S. B.; Erickson, B. W.

of bends, and ongoing studies are aimed at further exploring oy~ chem. Sod987 109 3526

this feature.
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