
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Protein structure determination

Permalink
https://escholarship.org/uc/item/1kj535pf

Author
Schiffer, Celia Anne

Publication Date
1992
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1kj535pf
https://escholarship.org
http://www.cdlib.org/


Protein Structure Determination

by

Celia Anne Schiffer

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Biophysics

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORN1A

San Francisco

Approved:

Committee in Charge

Deposited in the Library, University of California, San Francisco

Date University Librarian

Degree Conferred: . % - || -* - • . . . . . . . .



Copyright 1992

by

Celia Anne Schiffer

ii



This thesis is dedicated to my parents

Marianne and John Paul Schiffer

and

In memory of my grandparents

Klara and Bela Tsuk

and

Elisabeth and Ernest Schiffer

iii



Preface

Many people have played important parts in the past six years of

my life and thus influenced my experience at UCSF. Most importantly

the support and encouragement of my family: my parents, my brother

and sister-in-law, and my grandmothers.

Many close friends have kept my life balanced by providing relief

from the daily grind of graduate school. I have enjoyed sharing the last

four and a half years of my life with Kevin Turner whose friendship,

encouragement, and love have often kept me going. Betsy Matt

Turner, Heidi Marvin Newberg, Erin O'Shea and Jean Bracken have

encouraged and supported me over the years often from afar.

The environment and close quarters of UCSF has allowed me the

privilege to enjoy the scientific support and friendship of many

wonderful people, including:

Craig Abbey, Dave Agard, Vladimir Basus, Dale Bodian, Jim Caldwell,

Hans Chen, Dianna Cherbavaz, Ian Clifton, Warren Clyborne, Wendy
Cornell, Jo Davisson, Thomas Earnest, Rich Fallon, Eric Fauman, Janet

Finer-Moore, Paula Flicker, Paul Foster, Amy Fujishige, Jennifer Fung,

Partho Ghosh, Lydia Gregoret, Karen Han, Dave Herrmann, Allison

Howard, Jim Hurley, Elisabeth Jaffe, Mel Jones, Sasha Kamb, Bob

Keenan, Bram Koster, Anton Krukowski, Tack Kuntz, Maggie, Angus

McDonald, Stephanie Mel, Larry Miercke, Sveta Minkin, Alok Mitra,

Bill Montfort, Julie Newdoll, Dave Pearlman, Kathy Perry, Steve Rader,

Julie Ransom, Virginia Rath, V. Ramalingam (Ramu), Earl Rutenber,

iv



Dan Santi, Nick Sauter, Chris Shaftmeister, Brian Shoichet, Michael

Shuster, Julie Sohl, David Spellmeyer, Jason Swedlow, Yax Sun, Karen

Tang, Chuck Wilson, Wilfred van Gunsteren.

Bob Stroud and Peter Kollman, though very different people,
have a love of life and an enthusiasm for science which has been

contagious and challenging to me over the past six years. It has been a

privilege working and becoming friends with these two individuals.



Abstract

Protein Structure Determination

Structure determination of proteins is essential to obtaining a

detailed understanding of how a molecule functions and can aid in

inhibitor design, which is especially relevent if the protein is a drug

target. This thesis covers the determination of protein structure with

the knowledge of chemistry as represented by a molecular mechanics

force field. Three cases are discussed: when a homologous structure

is available, when it is possible to solve the crystal structure, and when

conflicts exist between crystal and solution experimental data.

A method of predicting the unknown structure of a protein from

a homologous known structure is proposed. The method consists of

exchanging the residues in the structure for the new sequence. The

lowest energy conformer for each of the exchaned becomes the

predicted structure. The structure of rat trypsin is predicted from

the crystal structure of bovine trypsin. Molecular mechanics correctly

predicts internal residues, while an additional solvation energy term is

necessary to predict external residues.

The implicit solvation energy model used multiplies the solvent

exposed surface area times an atomic solvation parameter. The

gradients of this energy are combined with the molecular mechanics

gradients to form a combined solvation free energy-molecular

mechanics force field. Tests on the alanyl dipeptide are qualitatively

Consistent with previous studies. The atomic solvation parameters are
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also optimized to this combined force field and an independent set of

parameters is derived. Most changes between homologous proteins

are on external residues, thus an accurate solvation model is essential.

The human enzyme thymidylate synthase was crystallized and

solved to 2.8 Å and a 22% residual. The space group was P3121 with
the unit cell dimensions a-b=96.7A, c=84.1 Å. The structure was

solved by molecular replacement and refined with a molecular

mechanics force field to the data. Some inhibitors of thymidylate

synthase are chemotherapeutic agents and further drugs could be

developed by understanding species specific differences between the

human enzyme and the enzyme from pathogens. A possible mRNA

binding site is proposed.

A method is proposed to resolve conflicting experimental data

on the structure of a protein, in which one structure is refined with

molecular dynamics to both crystal and solution data simultaneously.

This scheme is applied to the structure of o-Bungarotoxin.

\\
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Chapter 1

Introduction



Structure determination of proteins is essential to obtaining a

detailed understanding of how a molecule functions. This thesis will

cover the determination of protein structure with the knowledge of
chemistry as represented by a molecular mechanics force field. Three

cases will be discussed: when a homologous structure is available,

when it is possible to solve the crystal structure, and when conflicts

exist between crystal and solution experimental data.

Inhibitor design is a motivation for determining the structure of

proteins and using this information to understand how the molecule

functions especially if the protein of interest is a drug target. The

structure of thymidylate synthase is important in designing inhibitors,

since this enzyme is on the sole de novo pathway for the synthesis of

thymidine. Inhibitors of thymidylate synthase are currently used as

chemotherapeutic agents and by understanding species specific

differences between the human enzyme and bacterial and viral forms

of the enzyme we may be able to develop effective antibiotics and

antiviral agents. Whenever it is possible, determining the x-ray crystal

structure gives the most accurate detailed structural information about

a protein. This is what I have done with human thymidylate synthase.

When it is not possible to obtain an experimental structure of a

particular protein, however, such as a pathogenic thymidylate

synthase, it is necessary to model the structure.

A method is developed (Schiffer et al. 1990) for modeling the

structure of proteins from the structure of a homologous molecule.

The goal of the method is to have a systematic and reproducible
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method for modeling chemically reasonable structures. The method

consists of exchanging the residues in the known structure for the

sequence of the unknown protein. Then a conformational search with

molecular mechanics energy minimization is done on the exchanged

residues. The lowest energy conformer is the one picked to be the

predicted structure. In the structure of bovine trypsin, the

importance of including a solvation energy term in the search is

demonstrated for solvent accessible residues, while molecular

mechanics alone is enough to correctly predict the conformation of

internal residues. Finally, the structure of rat trypsin is predicted
from the crystal structure of bovine trypsin. The inclusion of solvation
energy in the conformational search is necessary to accurately predict
the structure of the external residues. External side-chain differences

are often what can determine species specificity.

Cornputationally it is not reasonable to include an explicit model
for water with a conformational search. The energy differences of
alternative side-chain conformations would be damped to the noise
level from the equilibration of explicit water, thus an implicit solvation
model was used. The solvation model used is one that calculates a

solvation free energy by multiplying an atomic solvation parameter by
the solvent exposed surface area (Eisenberg and McLachlan 1986). To
*alculate the force due to solvation, the derivative of the surface area of

the protein must be calculated with respect to the atomic coordinates

(Wesson and Eisenberg 1992). These derivatives were incorporated

into the molecular mechanics force field of AMBER (Weiner et



al. 1986). Thus the solvation energy could be minimized along with the
rest of the molecular mechanics force field.

To test this combined force field of molecular mechanics and

solvation free energy, energy minimization and molecular dynamics

calculations were carried out on several conformations of the alanyl

dipeptide (Schiffer et al. 1992). These results are qualitatively

consistent with previous experimental and computational studies.

The combined solvation free energy and molecular mechanics
force field is tested futher to see which set of atomic solvation

parameters, currently in the literature, is the most appropriate to use

with a molecular mechanics force field (Schiffer et al. submitted).

Four sets of parameters are tested on the local minima of alanyl
dipeptide, molecular dynamic simulations on the crystal structure of
rat trypsin, and a side chain lowest energy conformational search
prediction program. The results indicate that none of these four sets
of atomic solvation parameters are completely compatible with the
molecular mechanics force field. An independent set of compatible
parameters is derived. These can now be used in a predictive manner
in combination with the molecular mechanics force field.

When conditions are right for crystallization and structure
determination, experimental determination of protein structure is far

Preferable than even the best homology model. I crystallized human

thymidylate sythase (Schiffer et al. 1991) in the absence of ligands.

The crystals diffract to 2.0 Å at a synchrotron but are very radiation
**nsitive. The protein was cloned and expressed in E.coli (Davisson et
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al. 1989) and then crystallized from ammonium sulfate in the presence

of B-mercaptoethanol at a variety of pH values. The crystals are

trigonal in the space-group P3121; the unit cell dimensions are
a=b-96.7 Å, c=84.1 Å.

I solved the structure of human TS to 2.8 Å by molecular
replacement from the L.casei TS structure (Hardy et al. 1987). The

asymmetric unit is a monomer, although the functionally active
molecule is a dimer. The two-fold axis of the dimer is coincident with

a crystallographic two-fold axis. The structure has been refined with

molecular dynamics and energy minimization within the X-PLOR

(Brunger 1990) refinement package to an R-factor of 22%. The
structure of human TS follows the same general fold as that found for
the structures from L.casei and E.coli. The amino-terminal sequence,
without any counterpart in any other TS sequence, is 27 residues
longer than L.casei TS and contains eight prolines. Two eukaryotic
specific insertions exist in the human TS sequence. The first is near
the active site; the second is on the edge of the dimer interface. The
human TS monomer has two cysteine residues that occur on adjacent

P-strands close enough to potentially disulfide bond, although evidence

for this bond is not present in the electron density it may occur under

**ore oxidizing conditions. Substrate and cofactor analogues have been
**aked into the crystals and data was collected on this complex to
**milar R-factor and resolution and are currently being refined. When
*e insertions and placement of substrate and cofactor are completely

*fined this structure will help explain how currently used



chemotherapeutic agents work as well as being a template for future

homology models of pathogenic thymidylate synthases.

The final chapter of this thesis addresses another issue of protein

structure determination, how to resolve a structure when conflicting

experimental data exists. O-Bungarotoxin is a snake neurotoxin which

is one of the major components in the venom of Bungarus multicintus.

The x-ray crystal structure and the NMR solution structure differ

significantly. A method of simultaneous refinement in which one

Structure is refined to both crystal and solution data simultaneously

with a molecular mechanics force field is presented, to see if one

Structure can accomodate both data sets. The solution and crystal

Structures of o-bungarotoxin are not consistant with each others data

Sets irrhplying that the molecule is probably flexible.

This thesis demonstrates that there is an essential role for the

application of the constraints of chemistry through a molecular

mechanics force fields to the determination and understanding of
protein structure.
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Abstract

A "knowledge based" method of predicting the unknown structure of a

protein from a homologous known structure using energetics to
determine a side-chain conformation is proposed. The method

consists of exchanging the residues in the known structure for the

sequence of the unknown protein. Then a conformational search with

molecular mechanics energy minimization is done on the exchanged

residues. The lowest energy conformer is the one picked to be the

predicted structure. In the structure of bovine trypsin, the

importance of including a solvation energy term in the search is

demonstrated for solvent accessible residues, while molecular

mechanics alone is enough to correctly predict the conformation of

internal residues. The correctness of the model is assessed by a

Volume error overlap of the predicted structure compared to the
Crystal structure. Finally, the structure of rat trypsin is predicted from

the crystal structure of bovine trypsin. The sequences of these two
proteins are 74 percent identical and all of the significant changes
between them are on external residues. Thus, the inclusion of

Solvation energy in the conformational search is necessary to
accurately predict the structure of the exchanged residues.

Introduction

Species specific differences in proteins can provide essential
*nformation to aid in the design of inhibitors. In a family of proteins,

the Crystal structure of only one of the species may be known. Hence,

**ing a known structure to model a homologous protein gives the

Pedicted structure a much greater likelihood of being correct than a
1 0



structure predicted ab initio. Our goal is to predict, in a systematic

and reproducible manner, the unknown structure of a protein given

the structure of another in that family of proteins.

When predicting structures, we must consider not only primary

sequence homology, but also intramolecular energy, and solvent

effects. An accurate alignment of the primary sequences, using both

homology and secondary structural information, is essential to the

accuracy of the model." Once the sequences are aligned, the
correctness of the predicted structure should be enhanced by an

accurate simulation of the forces which govern a protein's structure.

The intramolecular forces within proteins can be simulated by
molecular mechanics potential energy functions. These functions
include terms which represent bond angles, bond lengths, and
dihedral angles. The functions also include nonbonded forces
represented by a charge-charge (Coulomb) potential term as well as a

term representing the Lennard-Jones potential. Since the structure

of the protein is solvent dependent, intermolecular interactions of the
protein with solvent also should be considered. Thus in making an

accurate prediction of the structure of a protein the intermolecular

energies of the protein and the free energies of the solvent must be
Considered.

Here we present a "knowledge based" method of predicting the
**nknown structure of a protein from a known structure using
Sºergetics to determine a side-chain conformation. We use the

*tramolecular forces which influence protein structure to predict
1 1



homologous structures from a known crystal structure. We also

consider solvation effects in the semi-quantitative way developed by

Eisenberg and McLachlan.” Other "knowledge based" methods have
used a data base approach9 to model side-chain conformations or one

of space filling such as tertiary templates.4

To develop and test our structure prediction scheme we chose to

use two high resolution crystal structures from rat and bovine trypsin.

The two primary sequences are 74 percent identical. The residual R

factors and resolution are 16% and 1.35 Å for bovine trypsinº.6 and
14.3% and 2.3 Å for rat trypsin.”.8 We modelled the structure of rat
trypsin from bovine trypsin by a method of lowest energy

conformational searching (LECS). Inclusion of solvation energy is

shown to be essential to accurately reproduce the protein crystal

structure in such a search. We also propose the method of volume

overlap integral to quantitatively evaluate errors in a predicted

structure compared to a crystal structure. Having two known crystal
structures allowed careful evaluation of the successes and failures of

LECS method.

Method

Substitution of side chains

The two sequences of rat anionic and bovine cationic trypsin were

aligned to maximize the identity. Both proteins have 223 amino acid
residues and the best alignment was achieved without any loops and

gaps. We predicted the structure of rat trypsin from the bovine

trypsin crystal structure. All the amino residues which differed
12



between rat and bovine trypsin were exchanged by maximizing the

number of atoms in the new residue that overlap the position of the
atoms in the old residue.9 Residues of similar size and electrostatic

character tend to retain the same conformation between similar

proteins. 19 Residues which are larger have more degrees of freedom
than the residues that existed in the reference structure, and

additional information must be used to accurately predict their

conformation.

Lowest Energy Conformational Searching (LECS)

To predict the minimum energy structure for a single substituted

amino acid residue, a representative sample of conformers of that

residue are energy minimized within a "molten zone" of structure; the

conformers are those most frequently found in proteins.4 Energy
minimizations are run on each of these conformers, where the

"molten zone" around the substituted residue is defined as including

all residues which have any atom within 6 Å of any atom of the
Substituted residue. This "molten zone" is allowed to relax during the

energy minimization so a meaningful local energy minimum for each

conformer can be found. Since the energy minimization includes a
"molten zone", the residues which were in the "molten zone" also shift

with respect to their original position with the minimization. All

energy minimizations were carried out with the program AMBERll

and each minimization was run until the gradient converged to an

r.m.S. of 0.1 kcal/angstrom. If a particular conformer's gradient did

not converge after 1000 cycles, the minimization was terminated.

The conformer with the lowest energy was picked as the predicted
1 3



conformation. This procedure is referred to as lowest energy

conformational search (LECS). The particular residue on which LECS

is preformed is termed the targeted residue. Thus LECS is performed

sequentially on every targeted residue in the protein.

Protein-solvent interactions

Molecular mechanics energy minimization is carried out with a

distance dependent dielectric approximation as a crude

approximation of the effect of solvent. Even so, the modelling is done

essentially in vacuo, where the lowest energy conformation is often

one in which a hydrogen bonding residue bonds back onto the protein.

This occurs for external hydrophilic residues which make up many of

the significant changes between rat and bovine trypsin. In trypsin 45

of the residues are completely buried in the core and are identical

between rat and bovine trypsin, thus it is essential to accurately model

the external residues, in order to properly model species differences.

In finding a lowest energy conformer, water cannot be included

explicitly, since with each new starting conformation the water

molecules would have to be repacked, probably with the use of

molecular dynamics. Depending on the conformation of the amino

acid residue, different numbers of water molecules may be necessary

to hydrate the "molten zone", which makes a comparison of relative

energies impossible. Thus another method which can represent the

effect of water without inclusion of explicit water molecules is

necessary.

14



An approach for representing the effect of solvation without

considering water explicitly is by including a solvation energy term in

the molecular mechanics Hamiltonian. A solvation energy can be

calculated for any protein, residue, or set of residues by assigning each

atom an atomic solvation parameter and multiplying it by the amount

of exposed surface area (DG=A*Ds).2 These atomic solvation energy
parameters are derived from experimental free energy of transfer of

small molecules and peptides from water to an apolar solvent. The

solvation energy of a targeted residue with its "molten zone" was

calculated both in the crystal structure and the molecular mechanics

LECS predicted structure so as to try and include solvation energy in

determining the LECS conformer and thus represent the solvent.

Determining correctness of a predicted structure

Comparison of a predicted and a crystal structure requires a

method that is sensitive to spatial error or functional consequences,

and insensitive to alternate fitting of the crystal density map. Use of

r.m. s. deviation between predicted and observed structures does not

correctly account for alternate indistinguishable tautomeric forms nor

does it allow for a 180 degree misoriented amide or carboxyl side

chain in the crystal structure. The priorities of energy refinement are

sensitive to isostructural misplacements, while the priorities of

density fitting and crystallographic refinement are not. The criterion

of correctness for prediction in drug design is more to do with

correctly fitting shapes and volumes and correct placement of

functional groups than to do with exact atomic positioning. Comparing

differences in dihedral angles for error analysis between a predicted
1 5



structure and a crystal structure also can be misleading because

several different conformations of a residue, with very different

dihedral angles, may equally well accommodate a limited resolution

electron density map. Such a case could occur with a long residue

such as arginine or lysine. Thus a method of analyzing "correctness" of

a predicted structure with a crystal structure which is sensitive to

spatial error, especially of functional groups, is necessary.

To analyze spatial errors between two structures, we propose the

use of volume overlap integrals. The structures are superimposed by

overlapping their carbon alpha backbones. To calculate the volume

overlap integral the volume of a particular residue was determined by

extending the atomic coordinate of each atom into a sphere, of radius

equal to its van der Waals radius. The percentage volume overlap is

evaluated by the volume of the predicted residue which overlaps the

volume of the residue in the crystal structure. If the residue in the

predicted structure exactly coincides with the crystal structure the

percentage volume overlap is 100 percent. If this percentage is

subtracted from 100 percent the volume overlap error is determined.

Thus for each modelled residue a volume overlap error is calculated

with the corresponding residue in the crystal structure (Figure 1).

RESULTS

To test LECS we first evaluate the error associated with a global

molecular mechanics energy minimization. Then to test whether the
LECS method with molecular mechanics is effective on solvent

inaccessible residues, 33 residues were targeted. Next we
1 6



investigated the use of molecular mechanics LECS on external

residues. The solvation energy is almost always less favorable for the
LECS conformation. We also show that conformers with low volume

overlap errors have low solvation energies. All of these initial tests are

performed on the structure of bovine trypsin and then the results of

the tests are compared to the crystal structure of bovine trypsin.

Finally the structure of rat trypsin is predicted with LECS from the

bovine trypsin crystal structure.

Errors produced by molecular mechanics energy minimization alone:

Since the method of LECS uses molecular mechanics energy

minimization, we first determined the effect of a global molecular

mechanics energy minimization on the crystal structure of bovine

trypsin with only a distance dependent dielectric constant to mimic

solvent interactions. After 1000 cycles of minimization the average

volume overlap error for all the side chains was 11% (standard

deviation 6%) (figure 2) and the average r. m.s. deviation of the side

chain atoms was 0.28 A (standard deviation 0.14 Å) (figure 3) between
the bovine trypsin crystal structure and the minimized structure.

Most of the changes between the two structures occur at the external

residues because of the inadequacy of using a distance dependent

dielectric to represent the solvent in the energy minimization. To

understand the changes in the external residue conformations seven

external hydrophilic residues were compared before and after

minimization. For each the conformation after energy minimization

changed significantly as revealed by the changes in dihedral angles and

the larger than average values of the r. m.s. deviations and the large
1 7



value of volume overlap errors (figures 4 a, b, c). Eight solvent

inaccessible residues were also compared and in most cases their

deviations from the crystal structure following the energy

minimization were smaller than the overall average deviation (figures 5

a, b, c). Thus a global energy minimization with a distance dependent

dielectric constant does not adequately represent solvent since it

introduces errors on external hydrophilic residues.

LECS for solvent inaccessible residues

The LECS method with molecular mechanics energy minimization

correctly predicts the conformation of a solvent inaccessible residue.

We define a residue as being solvent inaccessible when a sphere of 2 A
radius is "rolled over" the surface of the protein and does not contact

the residue. Although the radius of a water molecule is smaller (1.4 Å)
the residues which do not touch a 2 Å sphere are mainly over 80%
solvent inaccessible. LECS was run on 33 solvent inaccessible residues

in the bovine trypsin crystal structure. After LECS was run on each of

the targeted residues volume overlap errors were calculated between

the bovine trypsin crystal structure and the LECS predicted structure.

The average volume overlap error for those targeted residues was 14%

(standard deviation 8%), which is not significantly different than the

average volume overlap error for the entire protein which was 13%

(standard deviation 10%) (figure 6). The average volume overlap error

seen for the entire structure is within the error of the changes seen

for global energy minimization (1.1% standard deviation 6%). Thus the

LECS method with molecular mechanics energy minimization worked

well in correctly positioning internal targeted residues.
18



Solvation energy is required for LECS to correctly predict an external

residue's conformation

As was shown for the external residues after a global energy

minimization, a distance dependent dielectric is inadequate in

representing solvent. This inadequacy is also true for the LECS

method when the targeted residue is an external hydrophilic residue.

In many cases in the predicted structure from LECS, hydrogen bonds

are formed between the targeted external residue and other parts of

the protein. Seven external polar residues were targeted in the

crystal structure of bovine trypsin and the LECS method was applied.

The solvation energy for each of the targeted residues including their

"molten zone", for every energy minimized conformer was compared

with those for the corresponding sets of residues in the bovine crystal

structure. In every case the set of residues in the crystal structure had

a lower solvation energy than any conformer after molecular

mechanics energy minimization (figure 7). Solvent structure in

bovine trypsin has been extensively studied.6 and each of these
residues has at least two ordered water molecules around it. Thus

these residues are in conformations which are highly solvated in the

crystal structure, but after energy minimization they are not. The

solvation energy of the different conformers of three of these residues

was calculated. In each of these cases the conformation with the

lowest volume overlap error, in comparison to the crystal structure,

also had a low solvation energy (figure 8 a, b, c). Other conformations,

however, had fairly low solvation energies; therefore, solvation energy

alone is not enough to determine the correct conformer of a side
1 9



chain. Molecular mechanics energy minimization must be paired with

solvation energy to predict the correct conformation for a flexible

external polar residue.

Predicting the structure of rat trypsin with LECS

In predicting the structure of rat trypsin from the crystal structure

of bovine trypsin accurately representing solvent is essential. After

exchanging the 56 residues which differ between bovine and rat

trypsin, LECS was run on 18 of them with molecular mechanics.

These 18 residues were residues which were larger and had more

degrees of freedom than the residue they replaced in bovine trypsin.

The temperature factors of these residues averaged 24.5 Å2 (figure 9)
which shows that they are slightly less ordered in the crystal structure

than the average temperature factor of the whole structure which is

21.4 Å2. Most of these residues were on the surface of the protein
and many were polar, in the rat trypsin crystal structure there is

approximately two ordered water molecules within 4 Å of each of
them. Thus without an adequate representation of solvent the

conformations of these residues were not close to that of the crystal
structure. Often the LECS conformation of the residue formed

hydrogen bonds back onto the protein, which is wrong since the

crystal structure conformation is extended and highly solvated (figure

10a, d). The LECS prediction of Leu 58 shows that solvent even can

constrain the conformation of hydrophobic groups (figure 10b). In the

case of Asp 147 however the LECS predicted conformation fits the

electron density better than the crystal structure conformation (figure

10c). The volume overlap error for these 18 residues is 32%
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(standard deviation 13%) which is significantly worse than the 22%

(standard deviation 15%) for the entire predicted structure compared

to the crystal structure of rat trypsin (figure 11). As in the case of the

external bovine trypsin residues, the solvation energy of the LECS

molecular mechanics predicted conformations with its "molten zone"

is, in almost every case, significantly higher than the corresponding

residues in the rat trypsin crystal structure (figure 12). Thus for LECS

to accurately predict an unknown structure a solvation energy term

must be included in the minimization.

CONCLUSIONS

The method of LECS (Lowest Energy Conformational Search) has

been shown to effectively predict the conformation of internal

residues, inaccessible to solvent, by molecular mechanics energy

minimization. Internal residues form a core which defines the overall

structure of the protein and thus often allows homologous proteins to

be aligned. This core has a higher sequence identity and a lower r. m.s.

for residues within it than the total residues in the protein. 12 The
core then is the basis for defining tertiary templates# to determine
which sequences can fit a given structural class. However, tertiary

templates keep the main chain rigid making accommodation of small

changes between sequences difficult; even very homologous structures

can have small changes in their core backbone. The LECS method

minimizes the structure around a substitution and thus could predict

accommodation of the main chain to an internal substitution.
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LECS is a method which picks the energetically most favorable

conformer from a database of reasonable starting conformers of a
particular amino acid residue. Snow and Amzell 3 used a similar
methodology in predicting side chain conformation between

homologous structures. Their method also uses a conformational

search with energy minimization for the exchanged residue and its

neighbors. They successfully applied their method to two internal

residues in a conserved region of two immunoglobulin Fab fragments.
Since these two residues were internal the effects of solvent were

small and thus, they were able to successfully predict their structure

with a distance dependent dielectric constant. We also successfully

predicted the conformation of internal residues with LECS in bovine

trypsin. However, most of the changes which occur between

homologous proteins occur in external residues and thus an accurate

representation of solvation is critical. Snow and Amzel also

constrained the backbone of their structures making it more difficult

for shifts to occur around a substitution. LECS has no added backbone

constraints and yet even when the side chain is predicted to be in the

wrong conformation (as in figure 10a) the backbone conformation was

correctly predicted.

Other techniques for predicting side-chain conformations develop

rules from data base analysis. Summers et al. 19 established extensive
rules for side-chain placement based on the structure of the residue

which existed in the known structure of a homologous protein. This

technique, however, is of limited use if the new residue has more

degrees of freedom or is electrochemically different than the residue
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in the previous structure. Sutcliffe et al.3 also used the structure of
the previous residue to help determine the conformer of a predicted

residue. Then they developed additional rules based on the most

probable conformation of the side-chains in various pieces of

secondary structure, for those residues where there was not enough

knowledge from the previous structure. The LECS method uses the

energetics of the specific environment to determine the side-chain

conformation regardless of the piece of secondary structure in which

they lie for those residues whose conformation can not easily be

determined from the corresponding residue in the homologous

Structure.

We have shown for external polar residues that the solvent affects

the conformation of the residue. In almost every case the crystal

structure conformation of an external polar residue has a lower

solvation energy than the corresponding residue after LECS with

molecular mechanics. For LECS to accurately predict the

conformation of these external residues, the solvation energy must be

included in this minimization. The solvation energy is clearly a driving

force in the free energy of the system and must be included for the

prediction of the correct structures. Although many methods exist to

include solvation energy in macromolecular calculations, 14 few of
these could easily be incorporated into a conformational search. One

possible exception, other than the method we have used, is the use of

finite difference solutions to the Poisson-Boltzmann equation (FDPB)

which calculates an electrostatic solvation energy. 15 With FDPB two
cases are shown to have lower solvation energy in the crystal structure

2 3



than either the minimized or the misfolded structures of that protein

sequence. The analytical derivatives of the molecular surface area have

been described 16 and, recently such a set of derivatives has been
combined with the Eisenberg solvation energy. 17 Once this software
becomes available we plan to integrate it with LECS, which will make

it more accurate for predicting conformations of external residues.

External residue conformations, however, often include residues

that are under the least constraint as indicated by their generally

higher than average thermal factor (B-factor) (figures 13a, b). In

addition recent NMR results 18 on T4 lysozyme have shown that the

external residues occupy many different conformations not necessarily

centered on the crystal structure conformation. Therefore, the exact

conformation of external residues in the crystal structure may not
necessarily be the minimum energy state. The fact that there are

several conformations, including the one closest to the crystal

structure, for each side chain with low solvation energies (figures 8a,

b, c), indicates the possibility that many equivalently low energy
conformers may exist in solution.

The demand for the prediction of reasonable structures of proteins

whose sequences are homologous to proteins of known structure will

continue. The LECS method predicts changes in side chain

conformations due to changes in amino acids between homologous
proteins. This method when used in combination with other

techniques could be extended to many protein families. For instance

in other sets of protein sequences, where loops and gaps may exist

:

24



when their sequences are aligned, conformational search methods

could be used on short polypeptide segments to predict loop

conformations. 19.20 These combined techniques coupled with
accurate solvation energy can provide a systematic method of

predicting homologous proteins.
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figure 1

A two dimensional depiction of the volume overlap integral for a valine
Side-chain. Van der Waals radii are extended from each of the side

chain atoms. The residue with all of its atoms labelled is the crystal

structure, and the tilted light gray one is the predicted structure. The

volume overlap integral is calculated in three dimensions and is the

sum of all points on a 0.1 Å grid which fall within the overlap region of
the predicted structure and the crystal structure (the dark gray

region) divided by the number of grid points within the van der Waals

radii of the true crystal structure. Thus a perfect fit would give a

volume overlap integral of 1 or 100% overlap or a volume overlap error
of zero.

figure 2

The distribution of the volume overlap error for the structure of bovine

trypsin after a global energy minimization relative to the bovine trypsin

crystal structure. The average volume overlap error is 11% (standard

deviation 6%).

figure 3

The distribution of the r.m. s. deviation in angstroms of the side chains

for the structure of bovine trypsin after a global energy minimization

relative to the bovine trypsin crystal structure. The average r. m.s.

deviation of the side chains is 0.28 A (standard deviation 0.14 Å).

figure 4.
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Seven external residues deviations after a global energy minimization

of the bovine trypsin structure relative to the crystal structure. In (a)

the volume overlap error in percentage overlap, in (b) the r. m.s.

deviation of the side chains in angstroms and in (c) the change in

dihedral angles in degrees.

figure 5

Eight internal residues deviations after a global energy minimization of

the bovine trypsin structure relative to the crystal structure. In (a) the

volume overlap error in percentage overlap, in (b) the r. m.s. deviation
•of the side chains in angstroms and in (c) the change in dihedral

angles in degrees. Note that the deviations in all three categories are
smaller than for the external residues.

figure 6

The distribution of volume overlap error for the side chains of the

bovine trypsin structure after LECS was run on 33 internal residues

compared with the bovine trypsin crystal structure. The smooth curve

is the total distribution of all residues in the protein, whereas the

curve indicated by the boxes is the distribution of the 33 targeted

residues. Note that the distributions of the errors are essentially the
same for the two curves.

figure 7

The difference in solvation energy of the crystal conformation of seven

external hydrophilic residues minus the solvation energy of those

seven residues after LECS without solvent. Note that in every of these
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seven residues the solvation energy was higher and thus worse in the

LECS model conformation versus the crystal structure conformation.

figure 8

A comparison of solvation energy versus volume overlap error, in

percentage overlap of bovine trypsin crystal structure, for many

conformers of three external residues in bovine trypsin. The solvation

energy of crystal structure conformer with its molten zone is the point

on the y-axis. (a) Asn 79: solvation energy of the crystal structure is

-2.98 kcals. (b) Lys 89: solvation energy of the crystal structure is

- 18.80 kcals. (c) Arg 99: solvation energy of the crystal structure is

-5.9 kcals.

figure 9

The average temperature factor (B-factor) for the rat trypsin crystal

structure is 21.4 Å2. The average temperature for the 18 targeted

residues in rat trypsin is 24.5 Å2 as shown here.

figure 10

The LECS model of rat trypsin for several residues compared to the

rat trypsin crystal structure for the same residues. The crystal

Structure is indicated in bold lines and the LECS model structure is

represented in thin lines with atoms labelled. Water molecules in the

crystal structure are indicated by the crosses. The electron density

comes from a 2fo-fc map of the rat trypsin crystal structure.8 (a) Asp
158 and Asn 159 are shown in both the model structure after LECS

was run on Asp 158. The LECS model places OD2 of Asp 158 within
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hydrogen bonding distance of ND2 and the amino N of Asn 159. Note

that the crystal structure conformation of Asp 158 is sticking out into

solvent this is one of the worst cases of the prediction. (b) LECS was

run on Leu 58 and although the model conformation makes no bad

contacts it is pulled out of the electron density compared to the

crystal conformation. The crystal structure conformation appears to

be constrained between two ordered water molecules. (c) The LECS

model of Asp 1.47 actually placed the side chain in the electon density

better than it was placed in the crytal structure conformation. This is

a case where LECS succeeded especially well. (d) For the case of Asn

184 where the crystal structure conformation is highly solvated the

LECS model once again pulls the residue away from the electron

density toward the rest of the protein.

figure 11

The distribution of volume overlap error for the side chains of the

predicted rat trypsin structure after LECS was run on 18 residues

compared with the rat trypsin crystal structure. The smooth curve is

the total distribution of all residues in the protein, whereas the curve

indicated by the boxes is the distribution of the 18 targeted residues.

Note that the distribution of the targeted residues has a significantly

higher average volume error than the distribution of the whole

protein; since most of these targeted residues were external

hydrophilic residues and LECS was run without solvation.

figure 12
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The difference in solvation energy of the crystal conformation of the

18 targeted residues in rat trypsin crystal structure minus the

solvation energy of those 18 residues in the LECS predicted structure

of rat trypsin. Once again most of these residues have a lower

solvation energy in the crystal structure than the LECS predicted

structure of rat trypsin because of the lack of solvation in the LECS

calculation.

figure 13

The average B-factor for residues in the bovine trypsin crystals

structure is 14.4A2. The B-factors for the residues seen in figures 4
and 5 are shown in (a) seven external residues and in (b) eight

internal residues. This shows that the external residues which moved

more in figure 4 after energy minimization also have in general higher

b-factors, and the internals residues which are influenced less by the

energy minimization with a distance dependent dielectric constant

have in general lower b-factors.
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Figure 3
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Figure 4a
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Figure 4b)
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Figure 4c)
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Figure 5a)
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Figure 5b)
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Figure 5c)
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Figure 6)
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Chapter 3

Inclusion of Solvation Free Energy with Molecular Mechanics

Energy: Alanyl Dipeptide as a Test Case

Protein Science (1992) 1,396–400.
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ABSTRACT:

A combined force field of molecular mechanics and solvation free

energy is tested by carrying out energy minimization and molecular

dynamics on several conformations of the alanyl dipeptide. Our results

are qualitatively consistent with previous experimental and

computational studies, in that the addition of solvation energy
stabilizes the C5 conformation of the alanyl dipeptide relative to the

C7.

KEYWORDS: solvation free energy, alanyl dipeptide, molecular

mechanics, molecular dynamics, energy minimization
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INTRODUCTION:

Protein structure is affected by solvent, from the actual folding of
the protein to the conformation of external side chains. Therefore the

inclusion of solvent when calculating physical properties derived from

protein structure is essential. Modeling explicit solvent in

calculations, however, is computationally expensive and can be

impractical in deriving certain physical properties. Thus a method of

representing the effects of water without having water molecules

explicitly in the calculation is potentially very useful.

One such method assigns an atomic solvation parameter to each ºr

atom and then multiplies this by the solvent exposed surface area to º

calculate a free energy of solvation (AG=Ao ‘A) (Eisenberg and

McLachlan 1986; Eisenberg et.al. 1989). This solvation free energy

(SFE) has been used to distinguish between correctly and incorrectly
folded static protein structures (Novotny et.al. 1988; Chiche et.al.

1989, 1990) as well as side chain conformations (Schiffer et. al. 1990).

In carrying out energy minimization and molecular dynamics on a

molecule it is important that the derivative of the SFE is used as a

component of the force to describe a trajectory of the molecule
relevant to its solvated state. Such a derivative of the SFE added into a

molecular mechanics force field should be able to mimic more

correctly the forces in a solvated molecule.

In order to test such a combined force field we have looked at

several conformations of alanyl dipeptide (C7eq, C7ax, C5,0R). The
structure of the alanyl dipeptide has been determined experimentally
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under several solvent conditions by a variety of techniques. When

crystallized in methanol it assumes a twisted 3-strand conformation

(Harada and Iitaka 1974). In nonpolar solvent, the C7eq conformation
was confirmed to be the most stable by Raman spectroscopy. This

conformation was postulated to retain its stability in water by

coordination of a water molecule between its carboxyl oxygen and

amino hydrogen (Avignon et.al. 1973). More recently, however, by CD

and NMR, Madison and Kopple (1980) have shown that although the

C7eq conformation dominates the population in nonpolar solvents, as
the solvents become more polar the population of peptides in the

C7eq conformation decreases and a variety of other conformations
exist. In that paper they find "...the experimental data suggest to us

that the C7 population of AcAlaNHMe in chloroform goes to ar and PII

forms in water, and that any C5 population present remains

approximately constant." (Madison and Kopple 1980)

Computationally the structure of the alanyl dipeptide has also been

extensively studied. Early studies looked at the structure of the water

around only a few conformations of the alanyl dipeptide by Monte Carlo

(Hagler et.al. 1980) and molecular dynamics (Rossky and Karplus

1979). More recent studies using intramolecular potential of mean

force show that only the C7eq and C7ax conformations are accessible

under vacuum conditions, whereas under aqueous solvent conditions

many conformations are significantly sampled with the C5

conformation being the lowest energy and most populated

conformation (Pettitt and Karplus 1985; Lau and Pettitt 1987). In

another recent study the free energy differences between four

60



conformations of the alanyl dipeptide were calculated with molecular

dynamics and explicit water molecules (Anderson and Hermans 1988).

In this case the C7eq and C5 conformations were clumped together
into one lowest energy 3 region and the free energy differences were

calculated between it and the O.R., C.L and C7ax conformations.

RESULTS:

Initially we calculated the relative energies of the four

conformations using only the Weiner et.al. (1986) potential with a

dielectric constant of 1.0 (Table la) for the alanyl dipeptide. Recent

quantum mechanical calculations have shown, however, that even

under vacuum conditions the C5 conformation is energetically closer

in stability to the C7eq than this potential predicts.(Head-Gordon
et.al. 1991) Therefore, in order to make the potential more accurate,

additional dihedral energy terms were added to stabilize the C5

conformation (Table lb). These added terms led to an overall increase

in stabilization of 2.79 kcals of the C5 conformation relative to the

C7eq conformation.

The SFE was then added into the standard molecular mechanics

model with added dihedral terms and the relative energies were once

again calculated (Table 2). The C5 conformation has the lowest

solvation energy (-1.62 kcals) and the lowest relative energy (-0.26

kcals). The O.R conformation has the second lowest solvation energy

(-1.31 kcals) and its relative energy decreased compared to the C7eq
by 0.97 kcals with the addition of solvation. Thus the SFE helped

stabilize both the C5 and the or conformations relative to the C7eq.
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The SFE is able to predict the trends of whether or not a certain

conformation is more likely to be solvated. The SFE does not,

however, act like explicit water, in that explicit water will screen a
charge-charge Coulomb interaction and the SFE will not. Coulombic

interactions can be very strong, especially when a dielectric constant

of 1.0 is used. Therefore other dielectric constants can also be used to

mimic the effect of the "screening" by water. Using a distance

dependent dielectric helped to stabilize the aP conformation as well

as the C5 conformation (Table 3a and b).

As another test of how the addition of the SFE changed the

molecular mechanics force field, four molecular dynamics calculations

were run. These runs were performed to see if the potential energy
surface would flatten with the addition of the SFE. Each run used the

extra dihedral potential term and coordinates were saved every two

picoseconds and then minimized to the nearest local minima. In the

first two of the calculations the dielectric constant was set to one.

Four 100 ps MD runs were performed starting the alanyl dipeptide at

each of the 4 minima (C5, or, C7ax,C7eq). The first set of calculations
were with the "in vacuo" molecular mechanics force field. In the three

100 ps MD runs starting from the C5,or,and C7eq conformations of
the alanyl dipeptide the molecule settled into the C7eq conformation
within 20 ps. The MD run which started the conformation of the

alanyl dipeptide in C7ax remained in that local minima for the entire

100 ps. A plot of the conformations sampled over these 4 runs is

shown in Figure la. In the second calculation the SFE was added to

the force field. Once again the three 100 ps MD runs starting from
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the C5,or, and C7eq conformations of the alanyl dipeptide the
molecule settled into the same local minima. This time, however, it

was the C5 conformation. The MD run which started the

conformation of the alanyl dipeptide in C7ax once again remained in

that local minima for the entire 100 ps. Figure lb shows that several

local minima with intermediary conformations exist during the course

of the run. The molecule remained over 50% of the time in the C5

conformation which had the lowest energy and occasionally flipped to

C7eq and to a second higher energy C5 conformation where the
carboxyl methyl and oxygen switched positions.

The third and fourth calculations were of 100 ps each starting the

alanyl dipeptide in the aP conformation. A distance dependent

dielectric constant was used. The third calculation was with only the

standard molecular mechanics force field. By the second ps the

conformation of the peptide was in the C5 conformation. In the fourth

ps it was in an intermediary position between C5 and C7eq. For the
remainder of the calculation the peptide remained in the C7eq
position, even though this position was 0.25 kcal/mole higher in

energy than the C5 conformation (Figure le.}. During the final

calculation with both a distance dependent dielectric constant and

SFE, the peptide moved from the or to the C5 conformation by the

10th ps. C5 was the lowest energy conformation and the molecule

spent the remaining 90 ps in this conformation (Figure la.).

The goal here is not to redetermine the phi-psi map; the basic

features of such a map with force field calculations have been
presented by Weiner et. al. (1986) and Pettitt and Karplus (1985),
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among others. It is rather to evaluate the relative solvation energies of

key conformations of the alanyl dipeptide. By running 100 ps MD

simulations starting with the four conformations presented in Table I,

any new low energy conformations should appear if they exist. These

results suggest that there are none and that the key affect of the SFE

calculation is to stabilize C5 and arrelative to C7eq and C7ax.

DISCUSSION:

In this study of the alanyl dipeptide we have shown that the

addition of solvation free energy to a molecular mechanics force field

can mimic some aspects of the effect of explicit solvent. This seems

to be especially true when a distance dependent dielectric constant is

used to help further screen the charge-charge interactions. We have

shown that the addition of the force from the SFE helps to sample

conformational space during a molecular dynamics run. This sampling

is more in the manner of how an alanyl dipeptide would sample

conformational space in an experimental aqueous system in that the

relative stability of C7eq is decreased. The dominance of the C5

conformation rather than the increase in the or or PII populations

seen by Madison and Kopple (1980) is likely an inherent defect in SFE

models such as the one presented here. In particular reaction field

effects due to dipolar alignment of solute atoms are not represented in

this model, such effects would be expected to stabilize ar over C5

conformations.

The results presented here are also consistent with the relative

energies of the conformations of the alanyl dipeptide as calculated by
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potential mean force (Pettitt and Karplus 1985; Lau and Pettitt 1987)

in that in the vacuum state there exists only two very deep minima at

C7ax and C7eq and the addition of solvation makes the potential

surface have many more accessible minima. Recently an approximate

numerical method for minimizing the solvation free energy has been

presented (Hasel et.al. 1988, Still et.al. 1990). That method however

incorrectly estimates the solvent accessible surface area by over 4 A2
per atom. It is as yet unclear how these inaccuracies in the

calculations will affect the low energy conformation of a peptide. On

the other hand that method, or others which estimate electrostatic

solvation free energies by simple continuum or Born type models

(Gilson and Honig 1990), can provide more stabilization for

conformations such as ar of the alanyl dipeptide, compared to

approaches such as ours where solvation is only a function of solvent

exposure. This method has recently been applied with MD to the

alanyl dipeptide (Sharp 1991) and the addition of solvation to the

system also destabilizes the C7eq relative to C5 and or. However, the

C7eq still remains the lowest energy conformation by several kcals
using this Born type model. A better solvation model may ultimately

be developed that combines both the solvent exposed surface area

considered here and the electrostatic effects analyzed by Sharp.

The addition of SFE in the MD calculation increases the length of

time of the calculation over plain MD, but it is still faster than using a

periodic box of explicit solvent, although not faster than a small shell

of explicit solvent (Guenot and Kollman, 1991 unpublished). The

speed of the calculation is machine dependent as the determination of
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Solvation energy is the most scalar component of the calculation. On a

VAX 8650 100 ps of MD on the alanyl dipeptide took 31 minutes of
CPU time and the addition of the SFE increased the time of the

calculation to almost 4 hours. On an IBM RISC 6OOO/530 the same

calculation (100 ps of MD with SFE) took 45 minutes of CPU time.

Further study is necessary in determining exactly which atomic

solvation parameters are the most relevant for use with in protein

systems. In any case using approximate methods for representing the

effects of solvent should continue to be useful in computing energies of
large macromolecular systems. This is particularly relevant in

Situations when it is impractical to use explicit solvent in the

calculations, such as when making a homology model where extensive

conformational searching is required (Schiffer et.al. 1990). This code

is available upon request with the rest of the AMBER software.

MATERIAL AND METHODS:

The molecular mechanics force field we used was the standard

AMBER force field with the exception of the addition of dihedral

potential term which stabilizes the C5 conformation relative to C7eq.
Edihedral = 1/2V[1 + cos(n0–6)] and V-1.5 kcals, n=1 and 6=0° for 6

equal q},\P dihedral angles. No scaling of the 1-4 non-bonded

interactions was used. This was done to reduce the in vacuo

difference of C7eq and C5 to approximately 2 kcal/mole to make this
consistent with recent quantum mechanical calculations (Head

Gordon 1991).
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In order to add the SFE we needed to incorporate the derivatives

of the surface area into AMBER. These derivatives were taken from

the work of Richmond (1984) with some adjustments (Wesson and

Eisenberg, in press). We checked the analytical derivatives with those

determined numerically and found them to be consistent. We also did

not encounter any difficulties with respect to surface area

discontinuities during any minimization or dynamics runs.

The SFE and its derivatives were added directly into the

derivatives calculated for the force in AMBER. The SFE is then a

driving force along with all the other terms in the molecular

mechanics potential. We used a set of atomic solvation parameters

calculated from the free energy of transfer between water and vapor of

small organic molecules (Wesson and Eisenberg, submitted).

For all the energy minimization calculations the dipeptide was

started near one of four known low energy conformations. Each

conformation was minimized to a gradient of 0.02 kcal‘mole/A or
10,000 cycles, whichever came first. For the molecular dynamics

calculation 0.5 Femtosecond time steps and a temperature of 300 K

were used for a total of 100 ps starting from the OR conformation.

Coordinates were saved every 2 ps and then energy minimized as
described above.
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TABLE 1

a) minimized structures with the Weiner et. al. (1986)

potential. e = 1, (angles in degrees, energy in kcal/mole)

—structure—phi-psi—total—E-A–E–

C7eq –76.5 67.4 - 41.95 0.00

C7ax 68.0 - 65.2 - 40.69 1.26

C5 - 160.2 168.9 - 37.16 4.79

O.R –58.9 - 39.9 - 37.27 4.68

b) minimized structures with an added phi psi dihedral

term to the Weiner et.al. (1986) potential

e = 1; V-1.5 kcals; n=1; 6=0° for the q}, \P dihedrals

(angles in degrees, energy in kcal/mole)

—structure—phi-psi—total—E-A–E–

C7eq –77.2 72.8 –39.21 0.00

C7ax 68.9 - 70.1 - 37.72 1.49

C5 - 160.1 1 70.6 - 37.11 2.10

O.R –61.9 - 36.1 - 33.57 5.64
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Table 2

modified Weiner et.al. (1986) potential with solvation

energy. e = 1; V=1.5 kcals; n=1; 6=0° for the q>, \P dihedrals

(angles in degrees, energy in kcal/mole)

—structure—phipsi—total—E–soly E-A-E

C7eq -76.4 78.3 -39.47 –0.37 0.00

C7ax 68.3 - 72.5 - 38.32 -0.65 1.15

C5 - 157.2 1 6 1.9 - 39.73 - 1.62 -0.26

O.R –63.8 - 38.3 -34.80 - 1.30 4.67
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TABLE 3

a) minimized structures with modified Weiner et.al. (1986)

potential and a distance dependent dielectric constant

e = r, V-1.5 kcals; n=1; 6 =0° for the q}, \P dihedrals

(angles in degrees, energy in kcal/mole)

—structure phi p Si total E A E

C7eq –77.3 70.0 - 10.49 0.00

C7ax 69.8 –67. 1 - 9.38 1.11

C5 -163.3 1 71.0 - 10.74 -0.25

O.R –65.4 - 4.4.2 – 6.06 4.43

b) same as above but also with solvation energy

(angles in degrees, energy in kcal/mole)

—structure—phi_psi—total—E-solº-B-A-B

C7eq -76.8 73.7 - 10.64 -0.24 0.00

C7ax 69.6 -67. 9 -9.95 -0.61 0.69

C5 -161.0 163.8 - 12.25 - 1.60 - 1.61

O.R -68.1 - 42.0 - 7.39 - 1.38 3.25
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Figure 1.

Ramachandran plots molecular dynamics calculations on alanyl

dipeptide. Structures were saved every 2 ps and energy minimized to

the nearest local minima. The energies, relative to the C7eq, of the

minima are listed in kcals. The size of the spots are approximately

proportional to the log of the number of structures which fall in that

particular minima. a) molecular mechanics with a dielectric of one:

four 100 ps runs with initial conformations C5, C7eq, C7ax, or, b)
molecular mechanics and SFE with a dielectric of one: four 100 ps

runs with initial conformations C5, C7eq, C7ax, or c) molecular
mechanics with a distance dependent dielectric: a 100 ps runs with

an initial conformation of ar. d) molecular mechanics and SFE with a

distance dependent dielectric: a 100 ps runs with an initial

conformation of Or.
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ABSTRACT:

Models of protein structure are frequently used to determine

physical characteristics of a protein when the crystal structure is not

available. We developed a procedure to optimize such models, by use

of a combined solvation free energy and molecular mechanics force

field. Appropriately chosen atomic solvation parameters were defined

using the criterion that the resulting protein model should deviate

least from the crystal structure upon a forty picosecond molecular

dynamics simulation carried out using the combined force field.

Several tests were performed to refine the set of atomic solvation

parameters which best complement the molecular mechanics forces.

Four sets of parameters from the literature were tested and an

empirically optimized set is proposed. The parameters are defined on

a well characterized small molecule (alanyl dipeptide) and on the

highly refined crystal structure of rat trypsin, and then tested on a

second highly refined crystal structure of o-lytic protease. The new

set of atomic solvation parameters provides a significant improvement

over molecular mechanics alone in energy minimization of protein

structures. This combined force field also has advantages over the use

of explicit solvent as it is possible to take solvent effects into account

during energetic conformational searching when modeling a

homologous protein structure from a known crystal structure.
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INTRODUCTION:

Protein structure is affected by solvent, from the folding process,

to the conformation of external side chains. Therefore the inclusion of

solvent when calculating physical properties derived from protein

structure is essential. Modeling explicit solvent however, is

computationally expensive, and can be impractical in deriving many

physical properties. Thus we sought an optimal method of

representing the effects of water without including water molecules

explicitly in the calculation. This can be very useful in fine tuning

models of protein structure.

One method of empirically approximating the effects of solvation

assigns an atomic solvation parameter to each atom and multiplies it

by the solvent exposed surface area to calculate a free energy of

solvation (AG=Ao”A) (Eisenberg and McLachlan 1986; Eisenberg et al.,

1989). This solvation free energy has been used to select between

alternative models distinguishing between correctly and incorrectly

folded static protein structures (Novotny et al., 1988; Chiche et al.,

1989, 1990). We previously developed this approach to distinguish

between correctly and incorrectly modeled side chain conformations

(Schiffer et al., 1990). However there is a need to go beyond simply

choosing between alternatives and to refine protein structure

explicitly using these energy terms.

In carrying out energy minimization and molecular dynamics on a

molecule, the derivative of the solvation free energy must be used as a

component of the force to describe a trajectory of the molecule which
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is relevant to its solvated state. Such a derivative of the solvation free

energy, when added into a molecular mechanics force field, should be

able to mimic more correctly the forces on a solvated molecule.

In this study we apply this combined force field to two protein

structures, first to the crystal structure of rat trypsin (Earnest et al.,

1991) which was used to refine atomic solvation parameters, and then

to the crystal structure of o-lytic protease (Fujinaga et al., 1985). We

first evaluate four sets of atomic solvation parameters currently in the

literature to determine which of these maintains the protein structure

in the conformation most like the crystal structure, and then derive an

optimal set that produces the least change from the crystal structure.

Previously, we applied this combined force field to several

conformations of alanyl dipeptide (Schiffer et al., in press) whose

structure can be defined by only two dihedral angles. We found that

the addition of solvation energy decreases the stability of the Czed
conformation relative to the C5 conformation of alanyl dipeptide which

is consistent with both experimental (Avignon et al., 1973, Madison

and Kopple 1980) and computational (Rossky and Karplus 1979,

Hagler et al., 1980, Pettitt and Karplus 1985; Lau and Pettitt

1987, Anderson and Hermans 1988) studies. The work presented

here includes further analysis of alanyl dipeptide, molecular dynamics

Simulations, and homology modeling using the lowest energy

conformational search (LECS) algorithm we described previously

(Schiffer et al., 1990) on the crystal structure of rat trypsin. These

evaluations lead us to define a new set of atomic solvation parameters

which are optimized to be complementary to the molecular mechanics

84



force field. We then apply this new set of parameters to the crystal
structure of O-lytic protease.

METHODS:

All the molecular dynamics calculations were performed with

AMBER force fields (Weiner et al., 1986) on the crystal structure of rat

trypsin (Earnest et al., 1991). The derivatives for the solvation energy

were provided by Wesson and Eisenberg (1992). The derivatives of

the solvation energy with respect to atomic position were added

directly to the rest of the molecular mechanics forces, where the

force is the negative derivative of energy E, with respect to atomic

position X:

E
-

öEtotalöx

and

Etotal - Emolecular mechanics + Esolvation

Where Emolecular mechanics iS the force field of Weiner et al., 1986 in

AMBER and Esolvation is the sum of the solvation energies from solvent

exposed atoms.

Fmolecular mechanics F Žbonds Kb{b-bo)* + Xangles Ka(9-90)” +

Ždihedrals Vn/2(1+cos(n)-Y)] + Xi>j[Aij/Rijl” + Bij/Rij94 qiqj/eRij] + XH
bonds[Cij/Rijl” + Dij/Rij'9]

and

Esolvation = 2all atoms AGA
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All the dynamics calculations were performed at 300°K using a

distance dependent dielectric to help buffer the Coulombic

interactions. The change in compaction volume of the structure of rat

trypsin was calculated from the radius of gyration (4/31 (Rgcrystal”
-

Rgmodel3)). The volume overlap of the side chains for evaluation of the
LECS calculation was determined by the method described in (Schiffer

et al., 1990) where the side-chain volume was calculated from the van

der Waals radii of their atoms, backbone atoms were not included in

the calculations of the overlap. Calculations with the combined

molecular mechanics solvation free energy were performed on an IBM

RISC 6000/530, DEC 9000, and PSC Cray-YMP computers.

BACKGROUND: Origin of currently used atomic solvation parameters

Atomic solvation parameters have been determined from several

experimental databases (Table Ia). The four sets that we assessed will

be initially divided into two groups; two derived from water to octanol

free energy of transfer data and two derived from water to vapor free

energy of transfer data. In all four cases, partition coefficients were

experimentally determined and transfer free energies were calculated

from these values. The free energies were then fitted to five atomic

solvation parameters, which are applied in our combined force field.
Reference solvent accessible surface areas were calculated for each

amino acid residue X in a tripeptide Gly-X-Gly. This technique was

originally proposed by Shrake and Rupley (1973) who took the

conformation of the tripeptides from the backbone structures of

insulin and lysozyme. This method was extended by Eisenberg et al.

(1989) when they found all the occurrences of the sequence Gly-X-Gly
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in proteins whose structure was deposited in the Brookhaven Protein

Data Base and used the tripeptide conformations from those structures

to calculate a reference solvent accessible surface area.

The set of parameters proposed by Eisenberg and McLachlan

(1986) (w/o) E. came from the partition coefficient data of Fauchere

and Pliska (1983). These partition functions were between water and

octanol of "Nø-acetyl-L-amino-acid amides" and from this data they

calculated a hydrophobicity scale for all 20 side chains where T(side

chain) = log P (acetyl-amino-acid amide) - log P (acytyl-glycine amide).

P is the partition coefficient between water and octanol. The free

energy of transfer was then calculated AGobs = 2.3RTIt.

Kim (1990, in press) took a different approach in obtaining the

atomic solvation parameters (w/o)K. Rather than using amino acid

analogues, tripeptides ala-X-ala (where X= gly, ala, phe, trp, pro, his,

asp, and glu) which were N-and C-terminally blocked were used to

obtain the free energy of transfer between water and octanol.

Two sets of atomic solvation parameters (Wesson and Eisenberg

1992) have been calculated from a combination of two sets of

experimental water to vapor free energy of transfer data (Wolfenden

1979, 1981, and Hine and Mookerjee 1975). This data is obtained by

determining a compounds vapor pressure over dilute aqueous

solutions (Wolfenden 1981). One set of parameters used the adjusted

data of Kyte and Doolittle (1982) (w/v)W; the other set of parameters

they used the adjusted data of Sharp et al., (1991) (w/v)S. Kyte and

Doolittle (1982) take small molecule free energy of transfer data from
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Wolfenden et al., (1979) and Hine and Mookerjee (1975) and calculate

a free energy of transfer between water and vapor. They correct the

data so as "To eliminate any entropy of mixing from the values, the

transfer must occur between standard states chosen in such a u■ ay that

no change in volumes are involved." (Kyte and Doolittle, 1982).

However, the appropriateness of this correction has been recently

called into question. "...the uidely used hydrophobicity scale of Kyte

and Doolittle (Kyte and Doolittle 1982) involves an erroneous 'standard

state' correction to the amino-acid side chain partition data...This was

apparently to account for differences in reference concentrations.

Houwever since the original data is already expressed in ratios of

molarity in the vapor and uater phases it is urong to apply this

correction." (Sharp et al., 1991) Furthermore, Sharp et al. suggest

that the free energy of transfer values of Kyte and Doolittle (1982) are

greatly underestimated for another reason; that the individual solute

and solvent molecules are of physically different sizes. This leads to

another correction (Sharp et al., 1991) applied to the free energy of

transfer data of Wolfenden et al. (1981) to properly take into account

entropy of mixing. The experimental data for which both the Kyte and

Doolittle (1982) and the Sharp et al., (1991) adjustments were applied

are a compilation of free energy of transfer data for small molecule

amino acid analogues from several different laboratories. Kyte and

Doolittle (1982) directly combine four experimental partition

coefficients from Wolfenden et al. (1979) with thirteen experimental

partition coefficients from Hine and Mookerjee (1975). Sharp et al.

(1991) use the water to vapor partition data from the Wolfenden et al.

(1981) study. The values of the partition coefficients in this study,
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however, are a compilation of seven coefficients they (Wolfenden et al

1981) measured themselves and twelve of the coefficients from six

other laboratories (Butler and Ramchandani 1935, Deno and

Berkheimer 1960, Hine and Weimar 1965, McAuliffe 1966, Weast

1972, Parsons et al., 1972). Whether or not it is reasonable to

directly combine and use the data from different laboratory sources to

obtain a consensus set of transfer free energies (and then atomic

solvation parameters) without any comment or adjustment was never

addressed. Thus it is unclear whether either set of the water to vapor

atomic solvation parameters comes from one consistent experimental
set of data.

The major difference between the water to octanol free energy of

transfer parameters ((w/o)E and (w/o)K) and the water to vapor free

energy of transfer parameters ((w/v)W and (w/v)S) is the value of the

Ao(N/O). This parameter is twelve to sixteen times more negative in

the water to vapor parameters than the water to octanol. (Table Ia).

This large increase in negativity implies that neutral oxygen and

nitrogen atoms will prefer to be solvated rather than buried if using

either of the water to vapor atomic solvation parameters.

As well as the differences between the water to octanol and the

water to vapor parameters, there are subtle differences between the

two water to octanol parameter sets and the two water to vapor

parameter sets. In Table Ib each set of atomic solvation parameters is

divided by the magnitude of the respective Ao(N/O) parameter. For

the two water to octanol free energy of transfer sets the differences

are clear. The values for Ao(N+) and Ao(O-) are four times more
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negative in the (w/o)K set of parameters then the (w/o)E set of

parameters and the value of Ao(S) has changed sign. The large

increase in negativity of the (w/o)K parameters implies that the

charged nitrogens and oxygens are preferentially solvated. For the two

water to vapor sets of parameters (Table Ib) the magnitude of Ao(C) is

very small implying that carbon is not preferentially found either

solvated or buried. Thus there is almost no penalty for exposing a

carbon atom to solvent. Between the (w/v)W set of parameters and

(w/v)S set of parameters the only notable difference is that in the

(w/v)S parameters the Ao(C) is three times larger than the (w/v)W set

but is still very small in magnitude compared with the other solvation

parameters.

Wesson and Eisenberg (1992) performed a series of MD

simulations with a combined force field on the monomer and tetramer

of melittin using the (w/v)W atomic solvation parameters and the

CHARMM (Brooks et al., 1983) force field. Melittin is a 26 amino acid

residue peptide that is helical when it is tetrameric and a coil when it

is monomeric. Wesson and Eisenberg (1992) observed that a helical

monomer unfolds during a MD simulation with a combined force field,

whereas the helical tetramer remains mainly helical. The tetramer,

however, still deviates significantly from the crystal structure by 3.41

A, indicating that these water to vapor atomic solvation parameters are
not completely complementary with the CHARMM (Brooks et al.,

1983) molecular mechanics force field.

We therefore determine empirically whether the parameters from

water to octanol free energy of transfer or water to vapor free energy
90



of transfer more accurately complement the molecular mechanics
force field. Then we determine whether the differences between

either (w/o) E and (w/o)K or (w/v)W and (w/v)S are significant, and

establish that another set of parameters needs to be proposed. Finally

we derived refine an optimal set of atomic solvation parameters for

conjugation with the molecular mechanics force field.

RESULTS and DISCUSSION:

Part A: Three Test Cases

Complementation to the molecular mechanics force field was

tested with four sets of atomic solvation parameters currently in the

literature. These were then used in our combined force field on three

test systems: on alanyl dipeptide, in an energetic conformational

search homology modeling algorithm and on the high resolution

crystal structure of rat trypsin. As a result of these tests we define a

set of atomic solvation parameters which are complementary with the

molecular mechanics force field.

I. Test on alanyl dipeptide

As an initial test of the combined force field, we chose alanyl

dipeptide which has only two degrees of freedom and the structure of

which has been extensively studied in various solvent environments

both experimentally and computationally. We looked at four

conformations of the alanyl dipeptide known to be low energy minima

(C7eq.C7ax,C5.or). When crystallized in methanol alanyl dipeptide
assumes a twisted 3-strand conformation (Harada and Iitaka 1974). In
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nonpolar solvent, the C7eq conformation was confirmed to be the
most stable by Raman spectroscopy. This conformation was postulated

to retain its stability in water by coordination of a water molecule

between its carboxyl oxygen and amino hydrogen (Avignon et al.,

1973). More recently, however, by CD and NMR, Madison and Kopple

(1980) have shown that although the C7eq conformation dominates
the population in nonpolar solvents, as the solvent becomes more

polar the population of peptides in the C7eq conformation decreases
and a variety of other conformations exist. They find that "...the

experimental data suggest to us that the C7 population of AcAlaNHMe

in chloroform goes to or and PII forms in uater, and that any CB

population present remains approximately constant." (Madison and

Kopple 1980) We previously found that the addition of solvation free

energy to the molecular mechanics force field destabilized the C7eq
conformation relative to the C5 and C7ax. (Schiffer et al., 1992). This

study was done using using (w/v)W atomic solvation parameters.

The energy of four conformations of alanyl dipeptide was

minimized with the combined force field and the four separate sets of

atomic solvation parameters (Table I). The results of using all four sets

of atomic solvation parameters are presented (Table II) as well as

using none (ie. only molecular mechanics). The most striking

difference between the parameter sets is that the water to vapor free

energy of transfer atomic solvation parameters further stabilize the C5

conformation of the alanyl dipeptide by 1.2 kcals/mole and the or

conformation by 1.1 kcal/mole both relative to the C7eq conformation.

The extra stabilization conferred by the water to vapor parameters is

92



due to the large magnitude of the atomic solvation parameter for the

uncharged nitrogen and oxygen, relative to the water to octanol atomic

Solvation parameters.

For all four data sets, however, the ranking of the lowest energy

conformations of the alanyl dipeptide remains the same C5, C7eq,
C7ax, or as expected in solution. This peptide model is not sufficient
to completely evaluate the four parameter sets, since only two of the

five atom types are represented (carbon and neutral nitrogen and

oxygen) and the molecule is too small to have a hydrophobic core.

Thus a protein model with a hydrophobic core is necessary to evaluate

these four set of atomic solvation parameters.

II. LECS search on 3 polar residues

The advantage of being able to incorporate the effects of solvent

without having solvent explicitly in the calculation, is that it is possible

to perform an energetic conformational search on an external side

chain or loop. This calculation, as implemented with the protocol of

(Schiffer et al. 1990), is not practical with explicit water, although

solvent is an essential force in determining the conformation of an

external part of a protein. This is particularly relevant when building a

homology model from a known crystal structure, when most of the

differences in structure between homologous proteins occur on the

surface of the protein. Thus a further test of the combined force field

the four sets of atomic solvation parameters were applied in a

homology modeling algorithm in which the lack of solvation has been

shown previously to be the cause of inaccurate prediction of external
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side chain conformations (Schiffer et al., 1990). This algorithm

performs a lowest energy conformational search (LECS) on selected

residues and chooses the lowest energy conformer to be the predicted
Structure. We applied this algorithm with all 5 solvent conditions (the

4 sets of atomic solvation parameters and molecular mechanics only)

to three external side chains on the crystal structure of rat trypsin and

then compared them to the crystal structure. The results listed in

Table III compare both the volume occupied by each residue with

respect to the crystal structure as well as the dihedral conformation of

each residue. For ASN 130 all 5 simulations reproduce the crystal

structure conformation and occupy 75 - 80% of the crystal volume

(figure la). The water and octanol atomic solvation parameters are

able to correctly pick the crystal structure conformation of the

dihedral angles for GLN 145 (figure 1b), with the exception of c3

which is flipped by 180°. None of the solvent models, however, is able

to correctly predict the conformation of ASP 147 (figure lo). Thus

the water to octanol atomic solvation parameters are more successful

in predicting the crystal structure conformation for external side

chains, than either of the water to vapor parameter sets or the

molecular mechanics parameter set.

III. Molecular Dynamics simulations on rat trypsin crystal structure

Molecular Dynamic (MD) simulations were performed with the

combined force field to further compare the four sets of atomic

Solvation parameters. The dynamic simulations were performed on

the crystal structure of rat trypsin (Earnest et al., 1991) at 300°K with

a distance dependent dielectric and a time step of 2 femtoseconds.
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The first simulation was run for 40 ps with the (w/o) E atomic

solvation parameters (Figure 2). During the course of the simulation

the solvation energy increased quickly in the first 5 ps of the

simulation and then stabilized for the remaining 35 ps. The total

potential energy of the system decreased over the first 10 ps and

before settling down for the remaining 30 ps. The initial sharp

decrease in the total potential energy was due mainly to the change in

the nonbonded energy of the system. The second simulation was also

for 40 ps using the (w/o)K atomic solvation parameters (Figure 3).

The course of this simulation was very similar to the previous one;

once again the solvation energy increases quickly while the potential

energy decreases as a result of the change in the nonbonded energy of

the system. Thus the two sets of water to octanol free energy of

transfer based atomic solvation parameters have a similar effect on a

40 ps molecular dynamic trajectory of rat trypsin.

Two additional MD simulations were performed on the crystal

structure of rat trypsin using the two sets of atomic solvation

parameters derived from the water to vapor free energy of transfer

data. A 10 ps MD simulation was performed using the set of (w/v)W

atomic solvation parameters (figure 4). In this case the solvation

energy dropped quickly in the first 2 ps of the simulation and then

stabilized for the remaining 8 ps. This drop in the solvation energy

dominate the total potential energy. The nonbonded energy fluctuates

much more during the first 10 ps of this simulation then was seen in
the first two simulations. Another 18 ps. MD simulation was

performed using the (w/v)S atomic solvation parameters (figure 5).
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Once again the solvation energy decreased during the simulation, and

as before, the nonbonded energy dominates the total potential energy.

Thus the two sets of water to vapor free energy of transfer base atomic

solvation parameters behaves similarly in that the solvation energy

decreased during the course of the simulation.

Finally a 40 ps MD simulation was performed on the crystal

structure of rat trypsin using only the molecular mechanics force field

(figure 6). The solvation energy was calculated 15 times over the

course of the simulation on intermediary structures with the (w/o) E.

atomic solvation parameters. During this simulation the total potential

energy followed the nonbonded energy very closely.

To analyze the results of these five MD simulations the deviations

of the structures over the course of the simulation were compared to

the crystal structure of rat trypsin. In figures 7 and 8 the change in

the compactness of the structure and the r. m.s. deviation with respect

to the crystal structure is shown. Many of the changes in the

structures that result from the simulations are in loop regions of the

structure that do not have well defined pieces of secondary structure

(Figure 9a,b,c). This is not surprising since the structures of these

flexible regions are most susceptible to the solvent environment. In

the first couple of picoseconds of the simulations, all of the structures

expand. This expansion is most dramatic for the simulations in which

the water to vapor transfer free energy atomic solvation parameters

were used (figure 9a). In both of these simulations the structure

expands by more than 10% in the first 2 ps and remains at least as

large for the following 8 ps of the simulation. The parameters (Table
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I) for the neutral nitrogens and oxygens make it more favorable for the

molecule to expose these atoms to solvent than to keep them buried

in the interior. In addition, the magnitude of the atomic solvation

parameters for carbon is relatively small and thus it is not particularly

unfavorable to expose them to solvent. These parameters are not

compatible with the molecular mechanics force field as the structure

is essentially unfolding during the course of the simulation due to the

denaturing solvent conditions.

In the other three simulations, with the two water to octanol

atomic solvation parameter sets and molecular mechanics alone, the

compactness of the structure after the initial increase in volume

decreases to almost the crystal structure volume in 10 ps. The

simulation with the (w/o)E atomic solvation parameters stays at a

somewhat expanded volume of about 4% relative to the crystal

structure. The structure from the simulation with only the molecular

mechanics force field contracted by about 2% from the crystal

structure (figure 9b). This is due to the lack of solvent in the

calculation. As a result during the simulation, the polar and charged

side chains at the surface of the protein find lower energy

conformations by hydrogen bonding back to the protein. There is,

however, a limit to how far the structure can compact because of the
Van der Waals interactions.

The simulation which maintains the structure closest to the crystal

Structure volume uses the (w/o)K atomic solvation parameters derived

from the free energy of transfer of tripeptides from water to octanol
(Kim 1990, in press). This parameter set balances the hydrophobicity

-
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of carbon with the hydrophilicity of the nitrogen and oxygen and best

maintains the crystal structure volume after the first 10 ps of the

simulation (figure 9C).

Part B: In Comparison to a shell of explicit water

For comparison with the combined force field calculations a

simulation with a 4 Å shell of explicit water was performed on the
structure of rat trypsin. The equilibration procedure of Guernot and

Kollman (submitted) was followed to place the water shell, which

includes using a distance dependent dielectric constant to damp the

long range electrostatic effects. A total of 429 water molecules were

included in the hydration shell. A 50 ps MD simulation at 300°K was

performed and during the course of the simulation seven

intermediary structures were compared to the crystal structure. The

r.m. s. deviation to the crystal structure varied from 1.5 - 1.75 Å for all
atoms, and the structures volumes ranged from an expansion of 1.48%

to a contraction of -0.95%. Thus a thin shell of explicit waters

maintains the crystal structure of the protein better than any of the
combined force field solvation models.

Computationally the combined force field is slower than either MD

without solvent or than MD with a 4 Å shell of explicit water. For 1 ps

of MD on the structure of rat trypsin with an IBM RISC 6000/530
computer, molecular mechanics alone took 5,958 seconds, molecular
mechanics with a 4 Å shell of water took 16,768 seconds, and the

combined molecular mechanics solvation free energy force field took

47,479 seconds for a ratio of 1.0 : 2.8 ; 8.0 respectively. The
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combined force field is still faster, however, than would be the case for

completely solvating rat trypsin with explicit water and using periodic

boundary conditions.

The advantages the combined force field has over the use of

explicit solvent are that it can be applied to molecular modeling

systems with more than a small number of sequence substitutions or

insertions. Explicit water cannot be used in conjunction with

molecular modeling that relies on conformational searches and energy

minimization precisely because it requires an equilibration period to

place the solvent molecules. This makes the comparison of the

relative energies of the various conformations impossible.

Furthermore once the explicit waters are settled in it is more difficult

for parts of the proteins to change in conformation in a reasonable

period of time. To accurately sample conformational space it would be

necessary to start the structure in large variety of conformations and

equilibrating the solvent every time, very quickly the computational

advantage of using a small shell of explicit waters would be lost.

Therefore the combined force field makes energetic conformational

searching with solvent effects feasible on side chains and loops.

Part C: Derivation of optimal atomic solvation parameters

I. An Ab initio Method

Since none of the experimental atomic solvation parameters are

the ideal match with the molecular mechanics force field, we

attempted to derive a set of atomic solvation parameters which exactly

counter the molecular mechanics forces on a well refined crystal
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structure. We selected a set of five globular proteins as test cases

including: rat trypsin (Earnest et al., 1991), bovine trypsin (Finer
Moore et al., in press), O-lytic protease (Fujinaga et al., 1985),

Streptomyces griseus protease (Moult et al., 1985), and

Carboxypeptidase A (Rees et al., 1983). The criteria for choosing
these structures were as follows: 1) the proteins are at least 100

amino acid residues in length, 2) the structures have been solved to

better than 2.0 Å resolution, 3) they are monomeric proteins, and 4)
they are as spherical in overall shape as possible. The rationale for

these criteria is to select proteins with well determined structures

that have a large hydrophobic core. The environment of a protein in a

crystal structure is highly solvated: protein crystals are usually 40-80%

solvent. Thus a protein crystal structure represents a highly solvated
conformation of the structure.

The goal was to find a set of solvation parameters which allow the

solvation forces to exactly counter the molecular mechanics forces at

the crystal structure. The structures were initially minimized, with

strong harmonic constraints, using the molecular mechanics force

field without solvation energy. This reduced any inherent bias arising

from the refinement procedure used to solve the structure. The r. m.s.

deviation between the minimized structures and the crystal structures

was less than 0.05 Å for all atoms in every case. For each of the five
structures the partial derivative of the square of the total force

(molecular mechanics and solvation) was determined using each of the

five solvation parameters. The square of the force was used, since we

are interested in finding the minimum in the magnitude of the overall
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force. The five partial derivatives were then set equal to zero and the

five atomic solvation parameters were determined.

As a test of this procedure, the structure of rat trypsin was

minimized to an r.m.s. convergence of 0.5 kcal/A*degree, using the
combined force field and the experimental (w/v)W atomic solvation

parameters. If the optimum solvation parameters from a given

structure are correct, the minimized structure should give back the

Solvation parameters which were used in the minimization. This is

indeed what was found Table IV) where with the exception of the

atomic solvation parameter for carbon all the parameters were within

10% of their starting values. Thus this procedure should give a set of

atomic solvation parameters which minimizes the molecular

mechanics force.

We applied this method to the five chosen protein structures. The

results, however, did not give a consistent set of solvation parameters,

(Table V); on the contrary, they are physically unreasonable, with

charged atoms sometimes having positive values. The inconsistencies

in these five sets of parameters are probably due to the fact that the

forces are only calculated for the surface atoms. The surface atoms do

not reflect the fact that the interior of the protein has very few

charged atoms or that there are many more buried carbon atoms. The

weighting of the propensity of a certain atom type to be on the surface

is needed to scale the solvation parameters in a physically reasonable
manner. This method cannot therefore be used.

II. An Iterative Method
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As a second attempt to determine an independent set of atomic

solvation parameters which would better complement the molecular

mechanics energy, we tried scaling one of the existing sets of atomic

Solvation parameters. In comparing the atomic solvation parameters,

there are two types of scales. The first scale is the ratio of the relative

magnitudes of the atomic solvation parameters of C, N/O, N*, Or, S to

each other. The second scale is an overall scale of the solvation energy

to the molecular mechanics energy. These two scales are essential to

picking the most appropriate set of atomic solvation parameters. If

the charged and polar parameters are too large and negative relative to

the magnitude of the carbon, the protein structure will unfold during

the course of the MD trajectory as we see in the MD trajectories with

the water to vapor free energy of transfer atomic solvation parameters

(figures 4,5,7). If the ratio of the various atomic solvation parameters

is correct the tertiary structure will remain stable during the course of

MD trajectory. Of the experimental atomic solvation parameters the

(w/o)K parameters best succeeded in maintaining the crystal structure
conformation.

To determine which of the individual atomic solvation parameters

are the most critical for maintaining the stability of the protein

structure, we varied the (w/o)K parameters and performed several 2

ps MD simulations on the structure of rat trypsin. In Table VI we

show various sets of atomic solvation parameters which we tested and

their deviation in the resulting structure after 2 ps. MD to the crystal

structure. The r.m.s deviation of all non-hydrogen atoms, the change

in volume and the change in solvation energy are shown. Ideally the
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Solvation energy should not change form that of the crystal structure

during the simulation. In the first simulation we significantly reduced

Ao(C) so as to determine its effect on stabilization of the protein

during an MD trajectory. In 2 ps the structure expanded by 8.6%

which is more than with the original parameters. Thus the Ao(C) does

affect the balance of the other atomic solvation parameters and
maintain the proteins structure. In the second simulation the Ao(N/O)

was significantly decreased. This time in the 2 ps simulation the

structure quickly expanded by 17% . Thus the relative value of

Ao(N/O) is essential to the stability of the protein structure. In the

third simulation the values of Ao(C) and Ao(N/O) were multiplied by

fifteen and the other three atomic solvation parameters were left

alone. In 2 ps the structure's volume expanded by only 0.68% with an

r.m. s. deviation of 1.67 Å for all atoms. The solvation energy, however,
decreased by 171 kcal/mole. This simulation shows that the ratio of

these two parameters is critical in maintaining the crystal structure

conformation; however their magnitudes affect the stability of the

solvation energy. This is further shown in the fourth simulation where

all the values, except for that of sulfur, were greatly increased in

magnitude. In this simulation the structure also maintained a similar

volume to the crystal structure with an expansion of only 2.9%. The

solvation energy, however, once again decreased enormously by 751

kcal/mole. These simulations prove that the ratio of the magnitude of
Ao(C) and Ao(N/O) are critical in maintaining the structure at the

crystal structure during a MD simulation.
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Although the (w/o)K set of atomic solvation parameters maintain

the crystal structure better than the other four parameter sets the

scale of the solvation energy calculated from these parameters relative

to the molecular mechanics energy is not ideal. This is apparent since

the solvation energy gets worse by 40 kcals in the first 2 ps of the MD

trajectory (figure 3). In all five MD trajectories (figures 2-6) the

solvation energy changed dramatically in the first 2 ps and then

settled into an equilibrium state. Ideally the solvation energy would

equilibrate at the value of the solvation energy of the crystal structure

and remain relatively constant throughout the trajectory. This is

expected since energetically it would be the most favorable to keep

the relative exposure of hydrophilic and hydrophobic atoms constant.

A series of 2 ps. MD simulations were performed on the crystal

structure of rat trypsin with various scales (Go).

Etotal = Emolecular mechanics + 0°Esolvation energy

These simulations were performed to determine which scale would

minimize the gradient of the solvation energy. Figure 10 shows the

solvation energy, normalized to the crystal structure solvation energy,

with Go's ranging in value from 0)=1 to q)=5 over a set of 2 ps

trajectories. In the simulation with Q-1 the solvation energy increased

steadily, whereas in the simulation with Q-5 the solvation energy

decreased very quickly and stayed low. The simulation with 0–2 the

energy first went down and then increased slowly over the 2ps

simulation. The best scale appears to be a)=2.5, (Table VI) where the

solvation energy also initially went down and then slowly increased

over the 2ps. The structures volume expanded only by 4% in those 2
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ps. This maintains the solvation energy at the crystal structure

solvation energy while keeping the ratio of the various parameters at a

ratio that keeps the structure intact. We will refer to these

parameters which best complement the molecular mechanics force

field as (mm)S atomic solvation parameters.

Part D: Evaluation of the independently refined (mm)S atomic

solvation parameters

I. Extended Molecular Dynamics Simulation on rat trypsin

The (mm)S set of atomic solvation parameters (Table VII) were
further tested to determine their usefulness in the combined force

field. A 40 ps MD trajectory was performed on the crystal structure of

rat trypsin (figure 11). Unlike any of the previous MD trajectories the

solvation energy during the simulation initially dipped down and then

increased equilibrating approximately 30 kcal/mole above the initial

crystal structure solvation energy. This equilibration value of the

solvation energy is 10 kcal/mole closer to the crystal structure value

than the equilibration value of the solvation energy of any of the other

MD trajectories. The deviations from the crystal structure were

measured throughout the simulations (Figure 12a and b, Figure 13)

and are compared with the deviations from the 40 ps simulations with

molecular mechanics alone and with the (w/o)K parameters. The

r.m. s. deviation to the crystal structure is consistently better than

either (w/o)K simulation or the molecular mechanics alone. The

overall mean deviation between the crystal structure and the resulting

structure after 40 ps MD with the (mm)S combined force field was
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1.8A for all non-hydrogen atoms. Most of these differences are in the
external loops. One of these loops which deviates is the calcium

binding loop, in the crystal structure this loop is constrained by a
calcium ion. This ion was not included in the calculation since when

one is performing molecular modeling the position of an ion would

probably not be known. The stability of this combined force field is

shown in that for 80% of the resulting structure the mean deviation to

the crystal structure is only 1.4 Å. Thus the (mm)S set of parameters
clearly complements the molecular mechanics force field better than

any of the experimental parameter sets.

II. An MD simulation on another crystal structure: 0-lytic protease

As a further test of this (mm)S set of atomic solvation parameters

we ran MD with the combined force field on the crystal structure of a

lytic protease. The rationale for this test was to determine whether or

not we were indeed optimizing the atomic solvation parameters for

the molecular mechanics force field rather than for the specific

structure of rat trypsin. The structure of a-lytic protease was chosen

Since it is a globular protein whose structure has been well

determined to high resolution. Two trajectories of 10 ps each were
run; one with molecular mechanics alone and the other with the

combined force field with the (mm)S parameters. At the end of 10 ps

of MD with the combined force field and the (mm)S parameters the

Structure was expanded by 2.7% and had an r. m.s. deviation of 1.10 Å

for all atoms compared to the crystal structure. The solvation energy
had increased by only 2 kcals compared to the value of -182 kcals of
the crystal structure. In comparison, at the end of 10 ps of MD with
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only the molecular mechanics force field the structure also expanded

by 2.7% and had an r.m. s. deviation of 1.42 Å of all atoms from the
crystal structure. The largest difference between the two simulations,

however, is that the solvation energy of the structure after 10 ps of MD

with only molecular mechanics force field was 74 kcals worse in

energy than it was to start with. Thus the (mm)S parameters are

optimized to the molecular mechanics force field and their level of

accuracy is not limited to just rat trypsin.

III. A further LECS test

To further test the (mm)S set of atomic solvation parameters a

series of LECS conformational searches were performed on the

structure of rat trypsin. We have previously (Schiffer et. al. 1990)

developed and shown LECS to be able to successfully predict the

crystal structure conformation of internal side chains with the

molecular mechanics force field alone. On external side-chains

however LECS with molecular mechanics alone was not sufficient in

predicting the conformation of these side chains, because solvent

effects were not being taken into account. A total of 12 external

residues (the 3 previously tested plus 9 others) were conformationally

Searched with the combined force field with the (mm)S set of atomic

Solvation parameters and compared to the crystal structure and their

predicted conformation from LECS with only the molecular mechanics

force field (Table VIII). The three previously tested side chains are
Shown in yellow in figure 1. Of the twelve residues, two of them, HIS

53 and THR 102 were predicted by the LECS with the combined force
field much more accurately then with LECS with molecular mechanics
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alone. For ASN 130 both conformational searches correctly predicted

the crystal structure conformation. Neither of the conformational

searches, however, were able to correctly predict the conformation of

the remaining 9 residues. This indicates that although this method

more accurately complements the molecular mechanics force field it

is still not ideal for determining the conformation of all external
residues.

Conclusions:

In this study we evaluated a combined molecular mechanics

solvation free energy force field where the analytical derivatives of

solvation free energy are added to the molecular mechanics force field

of AMBER. We seek to optimize the coupling between the molecular

mechanics energy and the solvation free energy by determining which

set of five atomic solvation parameters most accurately mimic the

effects of solvent without having solvent explicitly in the calculation. A

distance dependent dielectric constant was used to buffer the long

range electrostatic interactions so as to mimic the long range

buffering effect of explicit solvent. We evaluated 4 sets of

experimental atomic solvation parameters and found that the ones

derived from water to octanol free energy of transfer data were more

compatible with the molecular mechanics force field than those

derived from water to vapor free energy of transfer data. Of the four

(w/o)K, which are derived from free energy of transfer data of

tripeptides between water and octanol (Kim 1990, in press), best

maintained the crystal structure of rat trypsin during a 40 ps MD

trajectory. The atomic solvation parameters derived from the water to
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vapor free energy of transfer overestimates the hydrophilicity of the

neutral nitrogens and oxygens and underestimates the hydrophobicity

of the carbon; this results in the structure of rat trypsin unfolding

during a 40 ps MD trajectory. To find the best fit of the atomic

solvation parameters to the molecular mechanics force field, we have
shown that there are two scales. The first is the relative ratio of the

individual parameters to each other and the second is the overall scale

of the solvation energy to the molecular mechanics energy. The

relative ratio of the parameters maintains the structure of the

molecule, whereas the overall scale maintains the equilibration

solvation energy of the structure. We have shown that of the five

parameters the values of carbon and neutral oxygen and nitrogen are

the most important to the stability of the molecule. The set of

parameters which we have found to maintain the protein's structure

the best are those of (w/o)K times a scale of 2.5 which gives the

(mm)S parameters. We have shown that these parameters maintain

both the crystal structure and its solvation energy for the globular

proteins rat trypsin and O-lytic protease. These results are very

encouraging that it is possible to represent the effects of solvent

without having solvent explicitly in the calculation.

Simulating the effects of solvent without having it explicitly in the

calculation makes energetic conformational searching in protein

Structure feasible. The use of explicit water requires an equilibration

period which makes comparison of the relative energy of various

conformations impossible. However, the 40 ps MD simulation on the
structure of rat trypsin with a 4 Å shell of water maintained the crystal
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structure better than the 40 ps MD simulation with the combined

force field and the (mm)S atomic solvation parameters by an average
reduction of 0.3 Å in the r. m.s. deviations and an average change of 1%
in volume. This indicates that further optimization of the combined

force field is desirable and there exist several possible methods that

may improve it. One possible method is to define more than five atom

types to describe the types of atoms found in proteins. These new

types could take into account what a particular atom is immediately

bonded to which directly affects its hydrophilicity. Another possible

way to improve this combined force field is to use an additional

Poisson-Boltzmann continuum solvent term to better handle the

electrostatic effects of explicit solvent. The analytical derivatives of

this energy would need to be added to the other forces so as to take

advantage of this additional term. These additional optimizations may

improve the success rate of the lowest energy conformational search

(LECS) on predicting the conformation of external side-chains.

Another place where this combined force field could be improved is in

the speed of the calculation; currently, the combined force field is

eight times slower than molecular mechanics alone. One possible way

of increasing the speed of the calculation is to replace the currently

used analytical derivatives of the surface area with respect to position

with a rapid method of calculating those same derivatives recently

described by Perrot et al. (1992) which has been suggested to be

Significantly faster. Thus with the improvement of both the accuracy

and the speed of this combined force field the practicality of this

technique will prove to be very useful in predicting protein structure.

1 1 0
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Figure Legends:

Figure 1) The superposition of 7 structures showing the sidechains as

predicted by LECS as compared to the crystal structure.

orange=crystal structure, blue=(w/v)S , cyan= (w/o)K, red=(w/o)E,

white=(w/v)W, magenta=molecular mechanics alone, (yellow-(mm)S

which we have derived) a) ASN 130, b) GLN 145 c) ASP 1.47

Figure 2) Components of the energy during the combined molecular

mechanics solvation free energy 40 ps of MD calculation on the crystal

structure of rat trypsin with (w/o) E atomic solvation parameters.

Figure 3) Components of the energy during the combined molecular

mechanics solvation free energy 40 ps of MD calculation on the crystal

structure of rat trypsin with (w/o)K atomic solvation parameters.

Figure 4) Components of the energy during the combined molecular

mechanics solvation free energy 10 ps of MD calculation on the crystal

structure of rat trypsin with (w/v)W atomic solvation parameters.

Figure 5) Components of the energy during the combined molecular

mechanics solvation free energy 18 ps of MD calculation on the crystal

structure of rat trypsin (w/v)S derived atomic solvation parameters.

Figure 6) Components of the energy during the molecular mechanics

alone 40 ps MD calculation on the crystal structure of rat trypsin.

Note the solvation energy is calculated from static structures using the

(w/o) E. atomic solvation parameters
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Figure 7) The change in volume relative to the crystal structure of rat

trypsin during all 5 MD trajectories.

Figure 8) The r. m.s. deviation relative to the crystal structure of rat

trypsin during all 5 MD trajectories. a) of alpha carbons b) of all non

hydrogen atoms.

Figure 9). In each comparison the white structure is the crystal

structure of rat trypsin a) The black structure is the resulting

expanded structure after 10 ps of MD with (w/v)W atomic solvation

parameters. b) The black structure is the resulting contracted

structure after 40 ps of MD with the molecular mechanics force field.

c) The black structure is the resulting structure after 40 ps of MD

with the (w/o)K atomic solvation parameters.

Figure 10) MD trajectories of 2 ps with (w/o)K scaled atomic solvation

parameters normalized to the value of the solvation energy at the

crystal structure.

Figure 11) Components of the energy during the combined molecular

mechanics solvation free energy 40 ps MD calculation on the crystal

structure of rat trypsin with the (mm)S derived atomic solvation

parameters.

Figure 12a) The change in volume relative to the crystal structure of

rat trypsin during three MD trajectories: (mm)S, (w/o)K, and

molecular mechanics. Figure 12b) The r. m.s. deviation relative to the

crystal structure of rat trypsin during the same three trajectories of all

non-hydrogen atoms.
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Figure 13) The superimposition of the rat trypsin crystal structure in

white with the resulting structure after 40 ps with the resulting

structure in black after 40 ps of MD with the (mm)S atomic solvation

parameters.
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Table Ia
Atomic Solvation Parameters
refere n c e Ao(C) Ao(N/O) Ao(N+) Ao(O-) Ao (S)

(w/o).E 1 8 + 1 – 9 + 3 - 38 + 4 - 37 -- 7 5 + 6
(w/o)K 1 3-E 2.2 - 7+ 5.6 - 8 7-E 10 - 1 1 2 + 2.0 -3.6*
(w/v) W 4 + 3 - 1 1 3 + 1 4 - 169 + 3 1 - 166-E 3.8 - 1 7-E 22
(w/v)S 1 2 + 3 - 1 16-E 13 - 1 86 -- 22 - 1 7.5 + 3 - 18 + 2 1

all atomic solvation parameters are in cal Á-2 mol−1, “the atomic
solvation parameter value for S was approximated since none of the
tripeptides in the study had sulfur in them.
References:
(w/o)E: Eisenberg, D. and McLachlan, A.D. (1986); Eisenberg, D.,
Wesson, M. and Yamashita, M. (1989).
(w/o)K: Kim, A. (1990).
(w/v) W: Wesson, L., and Eisenberg, D. (1992)
(w/v)S: Sharp, K., Nicholls, A., Friedman, R., and Honig, B., (1991);
Wesson, L., and Eisenberg, D. (1992)
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Table Ib
Atomic Solvation Parameters Normalized to the Ao (N/O)
p a ram e t e r
reference Ao (C) Ao(N/O) Ao(N+) Ao (OT) Ao (S)

(w/o).E 2 - 1 -4.2 -4. 1 0.55

(w/o)K 1.9 - 1 - 12.4 - 16 -0.51
(w/v) W 0.035 - 1 - 1.5 - 1.5 –0.15

(w/v)S 0.1 - 1 - 1.5 - 1.5 –0.15
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TABLE II
Minimized structures with a combined force field and a
distance dependent dielectric constant
*reference solvation energy is the solvation energy of a completely
extended conformation.

a) (w/o) E -- reference solvation energy* 2.89
st r u ct ure p h i ps i total E Solv E AE

C7eq -76.9 71.0 9.43 1.06 0.00
C7ax 69.6 -67.2 -8.48 0.90 0.95
C5 - 162.4 168.9 –9.89 0.85 -0.46
O.R -64.7 - 43.5 - 5.23 0.83 4.20

b) (w/o) K -- reference solvation energy* 2.13
st r u c tu re p h i p S i total E solv E AE
C7eq –77.1 70.6 –9.70 0.79 0.00
C7ax 69.5 -67.5 -8.71 0.67 0.99
C5 - 16 2.8 170.2 - 10.22 0.63 -0.41
O.R –65.1 –42.7 -5.44 0.62 4.26

c) (w/v)W -- reference solvation energy* -7.91
st r u c tu re p h i ps i total E Solv E AE

C7eq -77.0 73.4 –9.03 1.37 0.00
C7ax 69.8 -67.9 -8.34 1.00 0.69
C5 -1 6 1.4 164.2 - 10.63 0.02 - 1.61
O.R –68.3 - 42.9 –5.78 0.23 3.25

d) (w/v)S -- reference solvation energy* -6.49
st r u c tu re p h i ps i total E Solv E AE
C7eq -76.9 73.8 -8.55 1.06 0.00
C7ax 69.8 - 68.3 –7.92 0.89 0.63
C5 - 1 6 1.3 163.8 - 10.24 0.79 - 1.69
O.R –68.7 - 42.8 —5.39 0.81 3.16

e) molecular mechanics alone
st r u c tu re p h i ps i total E AE

C7eq –77.3 70.0 - 10.49 0.00
C7ax 69.8 -67.1 –9.38 1.11
C5 - 16.3.3 1 71.0 - 10.74 –0.25
O.R –65.4 -44.2 -6.06 4.43
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Table III

residue

130 ASN

145 GLN

147 ASP

--- LECS dihederals and volume overlap with
conformationcrystal structure

st r u c tur e X1
crystal 167.6
(w/o).E 175.4

(w/o)K 176.4

(w/v) W 179.6

(w/v)S 179.1
In In 175.5

crystal -1 54.9
(w/o) E - 1 75.1

(w/o) K - 1 76.7

(w/v) W 67.7

(w/v) S - 1 78.9

In In –73.7

crystal –67.8
(w/o).E 69.3

(w/o) K 75.4

(w/v) W 71.9

(w/v)S 73.9
In In 70.0

X2

1

- 1

1

- 1

- 1

- 1

74.7

77.8

75.8

79.2

75.1

77.2

74.2

67.5

67.7

74.7

77.2

–52.6

–28.0

42.1

25.0

13.2

18.8

144.7

X3

167.5

18.3

17.5

103.9

–23.1

134.2

% overlap
>kxxx

75.3

73.2

69.4

79.9

76.5
xxxx

60.8

68.7

4.1.1

48.8

74.9
>k:k:k:k

58.6

61.8

61.6

62.5

58.0
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Table IV

Solvation Solvation

parameters” used in parameters” derived
the minimization from the minimized

Stru C tu I■ e

Ao(C) 4.0 9.0

Ao(N/O) - 1 12 - 109

Ao(O-) - 166 - 150
Ao(N+) - 169 - 164

Ao(S) - 17 - 17.5

*solvation parameters in cal Á-2 mol-l
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Table V

Crystal Structure Derived Atomic Solvation Parameters to
Complement Molecular Mechanics

structure AO(C) Ao(N/O) Ao(Nt) Ao(O-) Ao(S)

BOV 67 6 1 - 7 7 - 10 588

RAT 75 46 72 5 1 1051

2alp 43 -3.3 –5.9 12 1 498

2S ga 60 8.8 71 1 4 0 2969

5c pa 83 38 36 45 761

all atomic solvation parameters are in cal A-2 mol: 1
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Table VI

Testing Atomic Solvation Parameters with 2ps MD
simulations on rat trypsin

Ao(C) Ao(N/O) Ao(N*) Ao(O-) Ao(S) rms ■ 9% vol A
ES Olv

(w/o)K 13 - 7 - 18 7 - 1 12 -3.6 2.0 7.5 36.6
1) 0.1 - 7 - 187 - 1 12 -3.6 2.0 8.5 9
2) 1 3 - 1 13 - 187 - 1 12 -3.6 2.3 1 7 - 79
3) 195 - 105 - 18 7 - 1 12 -3.6 1.7 0.7 - 171
4) 195 - 105 - 999 – 900 -3.6 2.0 2.9 - 75.1
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Table VII

Molecular Mechanics Complementary Atomic Solvation
Parameters (mm)S

Ao(C) Ao(N/O) Ao(N*) Ao(O-) Ao(S) rms ■ % vol A
ES Ol V

32.5 - 1 7.5 – 280. – 21 7.5 - 9.0 1.8 4.1 - 3

1 28



Table VIII --- LECS dihederals and volume overlap with
crystal structure conformation for (w/o)K*2.5

residue Stru C tu re X1 X2 X3 % overlap

32 ASP crystal 74.1 - 177.0 x xk xk xk

In In 63.4 126.8 58.3
(mm)S -47.9 - 150.6 58.3

53 HIS crystal - 173.0 6.1.8 xk sk xk xk

In In -80.7 59.4 34.1
(mm S 180.0 57.0 90.1

66 ASN crystal -59.3 138.2 x * xk xk

In In 67.3 - 79.9 50.4
(mm)S 170.3 61.7 46.3

70 ILE crystal 177.8 x -k sk xk

In In 54.3 63.9
(mm)S 53.0 63.9

102 THR crystal 64.2 x *k sk xk

In m - 177.3 67.7
(mm) S 48.5 92.63

130 ASN crystal 167.6 74.7 xk xk sk ºk

In m 175.1 73.7 76.4
(mm)S 177.6 80.2 69.6

145 GLN crystal - 1:54.9 74.2 167.5 x *k sk xk

In In -65.5 -58.6 130.4 75.6
(mm) S -59.7 -62.6 128.6 73.2

147 ASP crystal -67.8 -28.0 * xk xk k

In m 69.9 140.8 57.8
(mm)S 65.5 122.7 65.5

151 SER crystal -71.4 * + xk k

In In 66.5 83.3
(mm)S 60.0 85.2

158 ASP crystal - 157.4 - 135.2 * xk sk xk

In m 116.9 8 1.9 54.6
(mm)S 58.2 - 171.6 58.5

184 ASN crystal -74.1 - 72.8 sk xk k +

In In 65.9 - 1 1 1.6 55.4
(mm) S 65.0 - 103.3 59.0

195 TYR crystal 168.6 94.2 - 1 79.3 sk sk xk x

in in 62.1 -80. 1 160.6 56.8
(mm)S 60.9 -80.6 154.4 43.0
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figure 1b)
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figure 3
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figure 4
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figure 5
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figure 6
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Figure 7
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Summary

expressed in E. coli and then crystallized from ammonium sulfate in

the presence of 3-mercaptoethanol at a variety of pHs. The crystals

are trigonal in the space group P3121; the unit cell dimensions are

a=b-96.7 Å, c=84.1.
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Thymidylate synthase (TS) catalyzes the conversion of 2'-

deoxyuridylate (dUMP) and 5, 10-methylenetetrahydrofolate to 2'-

deoxythymidylate (dTMP) and dihydrofolate. Since TS catalyzes a step

in the sole de novo pathway for dTMP synthesis, it is an important

target for potential chemotherapeutic agents. There is a large body of

knowledge on the structure and function of TS. Many details of the

mechanism and inhibition have been elucidated (reviewed by Santi and

Danenberg, 1984, Finer and Stroud 1990). The primary sequences of

TS from 17 sources are known and their alignment shows that TS is

the most highly conserved of all enzymes (Perryman et al., 1986, Perry

et al., 1990). The x-ray structures of the L. casei TS-Pi (Hardy et al.,

1987) and TS-dUMP complexes have been determined and refined to

2.3 Å resolution (Finer-Moore et al., unpublished results). The
structure of a binary complex of the E. coli enzyme with phosphate

(Perry et al., 1990) and a ternary complex with duMP and a cofactor

analog, N10-propargyl–5,8-dideazafolate (CB3717), have also been
determined (Montfort et al., 1990).

A knowledge of the structure of human TS may be important for

rational design of chemotherapeutically useful inhibitors of this

enzyme. First, it would provide information important in the design of

inhibitors useful in the treatment of human neoplastic diseases.

Second, it would serve as a needed template to compare the host TS

with the enzyme from human pathogens; this will elucidate key

differences between the host and microorganism TS, and aid the

design of inhibitors which selectively target the invading organism. It
has not been feasible to obtain the amounts of human TS needed for
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crystallography from natural Sources. Recently, the human TS has

been cloned and expressed in E. coli (Davisson et al., 1989). In the

present work we describe the crystallization and space group

determination of recombinant human TS.

Human TS was cloned and expressed in E. coli. The enzyme was

purified and assayed as previously described (Davisson et al., 1989).

Crystals were grown in hanging drops at room temperature from a

solution containing 6.5 mg/mL of protein, in Tris-HCl buffer with 20

mM 3-mercaptoethanol and 1.5 M ammonium sulfate at pH 6.5-8.0.

This is the first example of a TS crystallized with neither phosphate or

substrate in the medium. Addition of phosphate to the suspensions

cracked the crystals, suggesting a possible phosphate-induced

conformational change.

The space group P3121 was distinguished from it's

enantiomorph P.3221 by the molecular replacement (Schiffer

unpublished results) solution with unit cell dimensions, determined by

diffractometry as a=96.7 Å, c=84.1 Å. There is one monomer per
asymmetric unit and the crystals diffract to beyond 2.8 Å resolution. A
precession photograph of the [0, 1,-1) zone is shown in Figure 1.

Observations (36,811) were collected from two crystals and and the

reflections merged with the XENGEN package (Howard 1985). X-ray

crystallographic intensities were recorded on a Nicolet IPC area

detector, with a three-circle goniometer, using Cu-Ka x-rays. The

Source was a 200m focus, Rigaku 200 RV rotating target tube with a

graphite monochromator. Data frames were processed with the
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software of Blum et al. (1987). Intensities were reduced as described

by Montfort et al., (1990).

From the high primary sequence homology (Takeishi 1985), it is

expected that the structure of human TS will follow the same general

fold as that found for the structures from L. casei and E. coli (Perry et

al., 1990). The amino terminal sequence, without counterpart in any

other TS sequences, is 27 residues longer than L. casei TS and

contains 8 proline residues. Two eucaryotic-specific insertions at

positions 117-128(lcS0-101), and 145-154(lc 156-157) exist in the

human TS sequence. The first insertion is near the active site,

probably in a similar position as the small domain of L. casei TS. The

second insertion is on the edge of the dimer interface. From a

homology model based on the crystal structure of L.casei TS, the

human TS monomer has two cysteine residues that occur at positions

1990.c202) and 210(lc213). These residues are expected to lie on

adjacent 3-strands close enough to potentially form disulfide bonds.

Also, cysteine residues 180(lc 183) in each monomer are juxtaposed

across the dimer interface in a manner that might allow for formation

of a disulfide linkage. However, nonreducing SDS-PAGE of dissolved

crystals did not reveal evidence for a disulfide-linked dimer (Data not

shown). Refinement of the x-ray structure may elucidate whether a

disulfide bond forms during crystallization. The proximity of two

different pairs of sulfhydryls suggests the possibility of cross linking

under oxidizing conditions. The refinement of the crystal structure to

the data will provide the first three-dimensional view of an unliganded

mammalian TS and provide a template for anti-cancer drug design.
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FIGURES :

Figure 1.

A precession photograph showing the [0, 1,-1) zone of diffraction from

crystals of human TS. The pattern shown extends to 3.6A resolution
and the crystals diffract to 2.8A resolution.
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Figure 1.
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FOOTNOTES

1The numbering system used for amino acid residues of TS
refers to the sequence of the human enzyme followed by the

corresponding homologous sequences of the reference L. casei (lc) TS

residues in parentheses.
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Summary

The crystal structure of human thymidylate synthase (TS) has been

determined to 2.8A. The crystals are trigonal in the space group
P3121; the unit cell dimensions are a=b-96.7 Å, c=84.1. The

asymmetric unit is a monomer, although the functionally active
molecule is a dimer. The two-fold axis of the dimer is coincident with

a crystallographic two-fold axis. Intensities were collected from both

Laue and monochromatic diffraction. The structure was solved by

molecular replacement from a search model which was a truncated

structure of L. casei TS. The structure has been refined against the

crystallographic data with molecular dynamics and energy

minimization to a crystallographic residual of R=22% to 2.8 Å
resolution.
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Introduction:

Human thymidylate synthase (TS) is a target for chemotherapeutic

agents. This enzyme catalyzes the conversion of 2'-deoxyuridylate

(dUMP) and 5, 10-methylenetetrahydrofolate to 2'-deoxythymidylate

(TMP) and dihydrofolate. TS thus catalyzes the final step in the sole

de novo pathway for TMP synthesis. In the past decade a large body of

knowledge on the primary and tertiary structure of many species of TS

have been determined. This information has complemented the

enzymological data in gaining an understanding of the mechanism

(reviewed by Santi and Danenberg, 1984, Finer-Moore and Stroud

1990). The primary sequences of TS from 17 species have been

determined. TS is one of the most highly conserved enzymes

(Perryman et al., 1986, Perry et al., 1990). The crystal structures of the

L. casei, E.coli, and T4-Phage TS have been solved with a variety of

phosphate, substrate, substrate analogues, cofactor and cofactor

analogues complexes (Hardy et al. 1987, Perry et al., 1990, Montfort et

al, 1990, Matthews et al. 1990a, Matthews et al. 1990b, Finer-Moore

et al, in preparation, Stroud et al., in preparation, Kamb et al

submitted, Rutenber et al. in preparation). Also structures of many

single site mutants in L. casei and E. coli with a combination of
inhibitors and substrates have been determined.

The structure of human TS is important for rational design of

chemotherapeutically useful inhibitors. TS has been the target for

several structure based drug design efforts (Applet et al. 1991, Varney

et al. 1992, Reich et al. 1992, Perry et al. in prep., Shoichet et al. in

prep.). Primarily the structure will be used in the design of inhibitors
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in the treatment of human neoplastic diseases. The structure of

human TS will also serve as a needed template to compare the host TS

with the enzyme from human pathogens; this will elucidate key

differences between the host and microorganism TS, and aid the

design of inhibitors which selectively target the invading organism.

The human TS has been cloned and expressed in E. coli (Davisson et

al, 1989) and crystallized (Schiffer et al. 1991). In the present work

we describe the crystal structure of human TS.

METHODS:

protein preparation and crystallization

Human TS was cloned and expressed in E. coli. The enzyme was

purified and assayed as described by (Davisson et al., 1989). Crystals of

human TS were grown in Tris-HCl buffer in the absence of phosphate

or other ligands using with 1.5 M ammonium sulfate as a precipitating

agent with 20 mM 3-mercaptoethanol as we described (Schiffer et

al. 1991). The protein crystallized in the space group P3121 with unit

cell dimensions, determined by diffractometry as a=96.7 Å, c=84.1 Å
(Schiffer et.al. 1991). There is one monomer per asymmetric unit and

the crystals diffract to 2.0 Å resolution at a synchrotron.

data collection

The initial x-ray crystallographic intensities from which the
structure was initially solved were recorded on a Nicolet IPC area

detector, with a three-circle goniometer, using Cu-Ko x-rays. The

source was a 200 pum focus, Rigaku 200 RV rotating target tube with a
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graphite monochromator. A data set was obtained from one crystal

using frames of Q = 0.1° in angular width and a crystal to detector

distance of 10 cm at room temperature. Data were reduced using the

integration routines in the BUDDHA software (Blum et al. 1987) and

scaled using the SCALEI zonal scaling routine from the XENGEN

software (Howard et al. 1985).

Subsequent synchrotron data was collected by both

monochromatic and Laue techniques at the Daresbury Synchrotron.

The monochromatic intensities were recorded at a wavelength of 0.9

A at station 9.5, SRS Daresbury, on a Hendrix-Lentfer image plates
scanner system made by Mar Research. The crystal to detector

distance was 179 mm. Forty, 75 second, images were collected with a

1.5 degree oscillation covering a total of 60 degrees on one crystal.

The data was then processed with the programs OSCGEN and

MOSFLM (Leslie et al. 1988). The Laue intensities were recorded on

CEA Reflex 25 film and processed as described by Helliwell et al.

(1989). The crystal to film distance was 122 mm. The data was then

merged together using the CCP4 suite of programs (CCP4, 1979) and

the LCFSCALE program, scaling with anisotropic temperature-factors

(Agard, unpublished work).

structure solution

The structure was solved by molecular replacement with a rotation

function using the Crowther (1972). The translation search was

performed by an R-factor grid search using the program of E. Dodson
and P. Evans.
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structure refinement

The structure was refined with a combination of molecular dynamics,

energy minimization, and temperature-factor refinement within the X

PLOR (Brunger 1990) refinement package and with manual rebuilding

on FRODO (Jones 1985 ).

RESULTS:

Data for the solution and refinement of the human TS structure

came from several sources. The initial 2.8 Å data from which the

structure was solved was collected locally as described in the Methods

section. In Table I the statistics for the processed data are presented.

At 3.0 Å the Rsymms start getting significantly worse, this is due to
the radiation sensitivity of the crystals. To try and overcome the loss

of information due to radiation damage, synchrotron data was

collected. With monchromatic synchrotron radiation diffraction was

seen to 2.0 Å on the first exposure, but once again the high resolution
data quickly began to deteriorate with subsequent exposures. A 2.8 Å
data set was collected on image plates and processed (Table II). Once

again the Rsymms are high at high resolution. To complement this

data and quickly collect high resolution data before it would disappear

due to radiation damage, a Laue diffraction data set was collected with

white radiation on three films and processed (Table III). Laue

diffraction is very fast; the full data set was collected in a few seconds.

The difficulty arises in that the low resolution data is lost due to the

"low-resolution hole" (Clifton et al. 1991) because little of the low

resolution data are in diffracting position and those that are are likely
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to be buried in higher-order harmonic overlaps ('unscrambled' doubles

and triples were included in the data). Thus Laue diffraction and the

monochomatic data complement each other in making a entire data

set by providing the high resolution and low resolution data

respectively. The two sets of synchtron data were scaled with

anisotropic temperature factors and merged into one data set Table IV

with some reflections to 2.0 Å. The merging R-factor between the two
sets is poor 21.38%, since the two sets had only 5,919 overlapping

reflections out of a total of 17,441 merged reflections, and the regions

where the data overlaps, highest resolution of the monochromatic

rotation data, lowest resolution of the Laue is the most inaccurate data

for both datasets.

The structure was solved by molecular replacement using a

truncated version of the highly refined L. casei TS structure (Finer

Moore et.al.) as a search model. To make the truncated model, the

variable domain (residues leg0-139) 1 in the L. casei TS (Hardy et al,
1987; Finer-Moore et al, in progress) was omitted. Those residues of

the L. casei TS model that were not identical to the human sequence

(Takeishi et al., 1985) were replaced by alanine. Regions of the human

sequence without a homologous counterpart in the L. casei sequence

were omitted from the model. These included 27 residues in the

amino terminus, and two insertions of 12 and 8 amino acids common

to eukaryotic species of TS at residues 117 (log()) to 128 (lc 101) and

145 (lc 156) to 154 (lc 157), respectively (Hardy et al., 1987).

A rotation solution was obtained using the Crowther function

(Crowther 1972), in which the molecular two-fold axis corresponded
168



to a crystallographic two-fold as dictated by the density and symmetry

of the crystals, the peak height of the solution was +72 with the

largest negative peak at the same beta value of -34. The translation

search was along the two fold. The minimum in the R-factor grid

search for translation was R=50% within a background of 58%-62%.

After 6 cycles of least squares refinement (Hendrickson and Konnert

1981, Furey 1984), the R-factor dropped to 36%. Several side chains

unique to human TS were visible in the resulting density map using

calculated phases from the model terms (2Fo-FC). This confirmed the

correct molecular replacement solution (Appendix A).

Side chains of the human TS were substituted into the molecular

replacement solution model, without fitting the density, with the

graphics program INSIGHT (Dayringer 1986) and energy minimization

served to eliminate several bad close contacts in the structure. This

model was subjected to rigid body refinement of the entire molecule.
Refinement continued with several rounds of "slowcool" molecular

dynamics runs, energy minimization, and individual temperature

factor refinement within the X-PLOR package (Brunger 1990) and

then manually rebuilding in FRODO the regions where either residues

did not fit the 2Fo-FC maps or else came back as negative peaks in an

Fo-FC map. A solvent mask was used within X-PLOR to take into

account the contribution of bulk solvent to the diffraction intensities,

and thus allowing the low resolution data to be included in the

refinement. The “slowcool" molecular dynamics runs starting

temperature was either 2000 - 3000 K depending on the run using

O.5 femtosecond time steps and reducing the temperature every 50
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steps by 25 degrees until the temperature was 300 K. Then

structures were then energy minimized and the temperature factors

were refined until the energy function converged.

In several regions of the structure the electron density map was

still broken or absent after following this traditional refinement

scheme. To resolve these regions we removed any region of protein

model where the electron density appeared to be disordered and

placed dummy atoms into regions of positive density. These dummy

atoms are actually water molecules whose radii have been reduced by 1

A to allow them to pack closer to each other and the protein. The
motivation for using these dummy atoms is that in regions where the

density is ambiguous it is often difficult to place even a single amino

acid residue in its correct conformation. Incorrectly placing a residue

(which contains 4 - 15 non-hydrogen atoms) adds false phase

information thus further obscuring the correct conformation of the

residue. A “water molecule" contains only one non-hydrogen atom,

thus if it is wrongly placed the false information contributing to the

overall phase of the structure is minimized. Two or three dummy

“water molecules" placed in regions where protein properly belongs

can accurately trace an entire amino acid residue. Dummy “water

molecules" provide a simple more efficient method for tracing

regions of protein structure with ambiguous electron density.

Once the waters were placed, the structure with the dummy

“water molecules" was refined for 100 cycles of energy minimization

followed by 50 cycles of temperature factor refinement within X-PLOR.

New electron density maps were then calculated (2Fo-FC, Fo-FC, 5Fo
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4Fc) using all data to 3.5 Å and 2.5 Å phasing from the remaining
protein structure and the added dummy “water molecules". Dummy
“water molecules" with low thermal factors would be in well defined

regions of electron density, whereas those with high thermal factors

were most often not in density of one sigma in a 2Fo-FC (ocalc) map.

The “water molecules" were then rearranged to be consistent with

the new electron density map, additional water molecules were added

or removed as was appropriate. This procedure was repeated until a

structure that outlined the backbone and side chains of the protein

could be discerned through the dummy atoms. At this point the

dummy “waters" were displaced by the appropriate backbone and

Sidechains and traditional refinement was continued. In the final

structure all of the dummy “water molecules" were removed for the

refinement and electron density map generation.

This procedure outlined above was applied to several regions in

the human TS structure. These include the first 28 residues in the

amino terminus which is unique to the human TS sequence, residues

97-129 (lc?0-140) which form the dummy domain in L.casei TS

(Hardy et al. 1987), residues 14 1-158 (lc 152-161) which form the

"eukaryotic insertion" (Hardy et al. 1987), residues 180-196 (lc 183

199) a region including the active site cys and the I-helix in the other

structures of TS, and the last 5 residues of the carboxyl terminus. Up

to 400 dummy water molecules were used at one time. The regions

that were thus sucessfully traced were eight of the residues in the

amino terminus, 11 residues in the 97 - 129 region, 4 residues in the

141-158 loop, all of the 16 residues in the 180-196 region, and the
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entire carboxy terminus. In the region from 180-196 several residues

were in very similar conformations as they had been previously built,

but were just slightly shifted in position, also the region of the I-helix

is not helical in the human structure but forms a more open loop in a

region of close contact with a symmetry related molecule. The

carboxyl terminus was also just slightly shifted from the position it had

initially been built in and follows the conformation of the E.coli and

L.casei native carboxy termini. Thus the procedure of placing dummy

“water molecules" is a useful method for tracing initially disordered

regions of electron density.

The final R-factor was 22.3% to 2.85 Å (Table V). (The current

structure information is in Appendix C the output of RamPlus (Fauman,

unpublished work).

DISCUSSION:

The structure of human TS follows the same general fold as that

found for the structures from L. casei and E. coli (Perry et al., 1990).

This is the first structure of a TS crystallized with neither phosphate

or substrate in the medium. There is, however, a large positive peak

in the electron density map which corresponds to the phosphate

binding site in the native structures of E.coli and L. casei TS. This is

likely to be a sulfate, since the protein was crystallized with

ammonium sulfate as the precipitating agent. The density is

surrounded by four arginines(Figure 1). Addition of phosphate to

hanging drops, however, cracked the crystals, suggesting a possible

phosphate-induced conformational change. However, upon addition of
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FaulMP and CB3717 the crystals do not appear to change morphology

(appendix B).

There are three major insertions in the human TS sequence that

do not exist in the other sequences of the other TS's whose structures

have been solved (E.coli, L.casei, T4-phage). Figure 2 shows the

location of these insertions. The amino terminal sequence, without

counterpart in any other TS sequences, is 27 residues longer than L.

casei TS and contains 8 proline residues. The first 15 residues in this

insertion are disordered in the electron density map the remaining 12

are in a loose kinking conformation coming leading to the conserved

helix A. The two other insertions in the human TS sequence are

present in all the eukaryotic TS sequences currently known. They are

conserved in lengthand homologous in sequence. They are located at

positions 117-128 (lcQ0-101), and 145-154 (lc 156-157) in the human

TS sequence. The first insertion (117-128) is in the same location as

the Small helical domain in the structure of the L. casei TS. This

region is not visible in electron density mapsand may be disordered in

native human TS crystal but is likely to be helical based on some

sequence homology to the L. casei sequence in this region. The

ambiguity in this region may be due to static disorder, since this small

possibly helical domain seems to be packing very closely against itself

in a symmetry related molecule. This is a region known to be flexible,

less well ordered, (Finer-Moore et al, in preparation) with respect to

the rest of the molecule in other species of TS. This juxtaposition of

the small domains from two symmetry related molecules may allow

several low energy conformations of the domain to simultaneously
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exist in the crystal lattice causing static disorder. The other

eucaryotic insertion (145 - 154) seems to forms a loop that folds back

on the structure starting at residue 140 and continuing to residue

160, although several residues are still disordered.

Within the human TS monomer, two cysteine residues occur at

positions 199(lc202) and 210(lc213), close enough to form disulfide

bonds. Cysteine residue 180(lc 183) in each monomer are juxtaposed

across the dimer interface in a manner that might allow for formation

of a disulfide linkage. However, nonreducing SDS-PAGE of dissolved

crystals did not reveal evidence for a disulfide-linked dimer. Neither

potential disulfide bond is seen in the structure (Figure 3a and b),

since the protein was crystallized in the presence of reducing agent

this isn't surprising. Also the protein was expressed under reducing

conditions inside E.coli cells (Davisson et al. 1989). Nevertheless, the

proximity of two pairs of sulfhydryls suggests the possibility of cross

linking under more oxidizing conditions.

In cells from a particular human colonic tumor which became

resistant to the chemotherapeutic drug FauMP a single site mutant

was located in the gene for TS. This naturally occuring mutation

occured at residue 33 (loé) in the A helix from a tyrosine to a histidine

(Figure 4) and thus becomes resistant to a currently used

chemotherapeutic agent, FqUMP (Barbour et al., 1990). This sidechain

is not, however, in the active site of the molecule, although it is highly

conserved between the TS sequences. The hydroxyl oxygen forms a

hydrogen bond to the backbone oxygen of residue 219 (lc222) at the

base of the J-helix, which forms the back of the active site cavity. This
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same hydroxyl oxygen is seen to hydrogen bond to a buried water

molecule which is conserved in the high resolution structures of the

native L.casei and E.coli TS. This water is then hydrogen bonded to a

completely buried lys 77 (lc 50). Even this water molecule is

conserved in the human TS structure. Mutation of this Tyr to a His

would allow it to maintain hydrogen bonding capability, the distances,

however, become too long and local rearrangements must occur to

accommodate this change probably inducing a slight change in the

shape of the active site cavity.

Human TS has also been implicated in direct autoregulation of its

own mRNA by inhibiting translation of its own message (Chu et al.

1991). This inhibition does not occur when substrate, cofactor, or the

substrate analogue inhibitor (5-fluoro-dum P) are present (Chu et al.

1991) and thus presents a dilema in inhibitor design. One of the ways

the cell decides to stop producing more TS protein is by having the

excess TS inhibit its own translation. Effective active site inhibitors of

TS will not allow this regulatory mechanism to occur and the cell will

potentially continue to translate TS until any amount of inhibitor is

saturated. Another avenue of inhibitor design would be to understand

structurally the specific interaction between the TS molecule and its

own mRNA, and thus make inhibitors to the mRNA which mimic the

autoregulation imposed by the protein. Human TS mRNA is

specifically regulated by only the human TS enzyme. TS from other

species, E.coli, rat, P.carinii and L.casei do not inhibit the translation

of the human TS mRNA (Chu et al. 1992). From this data and from the
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overall structure and mechanism of TS we will propose a model of

where TS might interact with its own mRNA.

From the limited data described above we make the following

assumptions on how the mRNA binds. The sequence of TS is highly

conserved between different species, especially around the active site,

yet the human TS protein binds to its own mRNA species specifically.

Thus it seems likely that the mRNA binds to a region of the protein

where there are species specific differences. The fact that the TS -
TS mRNA complex dissociates in the presence of substrate and

cofactors (Chu et al. 1991), is further evidence that the mRNA may

not bind at the active site. It is energetically unlikely that a large

mRNA would be displaced by a small substrate or cofactor. What could

happen is that the protein upon binding to the substrate or cofactor

changes its conformation thus releasing the mRNA (TS is known to

undergo a conformational change upon binding of its ligands (Montfort

et al. 1990, Matthews et al. 1990).) Along the surface of the dimer

interface of TS there is a large groove bordered on each side by the A

helix (figure 5). This region although structurally conserved varies in

exact amino acid sequence between the various species of TS known.

A large groove on the surface of a protein is likely to have functional

significance, because it is energetically expensive to maintain such a

non-spherical structure. The side of the protein with the A-helix is

the more positive side of the protein by at least 2 full charges and this

variation in charge distribution is seen in all known TS sequences

(Fauman, unpublished results). The C-terminus of the protein lies just

adjacent to the A-helix on the surface of the protein. Thus we propose

-

-->
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that the mRNA binds into this groove on the dimer interface and that

the C-terminus also assists in its binding. This would leave the active

site available for substrate and cofactor. When ligands enter the active

site the C-terminus would close down over them activating the protein

and releasing the mRNA. The C-terminus is required for enzyme

activity (Carreras et al. in press, Perry et al. in prep.) and also its

motion comprises the largest part of the conformational change seen

on ternary complex formation (Montfort et al. 1990). Other protein

nucleic acid interactions have occured at protein dimer interfaces

(Steitz, TA 1990). This is thus a plausible model of where and how

the TS protein might bind to its mRNA and it suggests that a dimer of

TS probably complexes with one mRNA. Some possible experiments

this model might suggest are testing the affinity of the mRNA to TS in
which one or more residues have been deleted from its C-terminus or

making other specific mutants to residues on the surface of this

interface groove.

This structure provides the first three-dimensional view of a

mammalian TS. The structure indicates a large degree of similarity in

the overall fold of the bacterial and human enzymes which is

consistent with the high degree of sequence identity. The major

structural differences which do occur in human TS include the two

eucaryotic insertions at residues 117-128 and 145-154, the 27 amino

acid residue amino terminus, and the potential disulfide linkages. The

functional significance of these differences, if any, is not yet
understood.

FOOTNOTES
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|The numbering system used for amino acid residues of TS refers
to the sequence of the human enzyme followed by the corresponding

homologous sequences of the reference L. casei (lc) TS residues in

parentheses.
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Figure legends:

Figure 1) Electron density at the phosphate binding site, from a
sulfate molecule.

Figure 2) A tube diagram of the backbone of human thymidylate

synthase with the insertions specific to the human sequence colored
in red.

Figure 3a) The electron density around two cysteine residues which

occur at positions 199(lc202) and 210(lc213) on adjacent b-strands

but do not form a disulfide bond in this structure 3b) the electon

density around (lo 183) at the dimer interface.

Figure 4) Tyr 33 which is near the end of the A-helix hydrogen bonds

to the back bone oxygen of residue 219 at the base of the J-helix.

Figure 5) The dimer of hts showing the potential mRNA binding

groove; this groove in the tertiary structure is conserved in all the

solved crystal structures of TS. The A-helix and the C-terminus of

each monomer is labelled.
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Table I Crystallographic Data Statistics” with Area Detector data.

Higher
Resolution

5.O

ii
S

Rsymm

5.74
7.86

13.03
21.82
34.42
38.08
1 1.07

# Of # of unique
Observations Reflections

Possible
46.79 2012
4295 1937
3985 1918
34O7 1893
3200 1885
285.1 1900

224 17 1 1545

# of unique
Reflections
Missing
1 1

7
12
27
29
35
12 1

*data obtained from XENGEN STATS routine

Rsymms =[[Xhki>=1.N 01(Iavg-II)”]/[Xhki>=1.N 01(II)?])}/2 where
Goi=1/012 and Iavg= 1/N2i=1,N Ii
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Table II Crystallographic Data Statistics from Monochromatic

Synchtron data
highest <I>/<sig■ - # of local cummulative
resolution independent Rsymm Rsymm

reflections

1 1.6 8.98 209 O.O58 O.O58
8.53 10.6 835 O.O51 O.O52
7.06 10.6 1 136 O.O56 O.O53
6. 15 10.7 1326 O.062 O.O55
5.53 9.2 149 1 O.069 O.O58
5. O6 9.5 1645 O.064 O.O59
4.7 O 10.4 1795 O.O6O O.O59
4.40 9.5 1848 O.O62 O.O60
4. 15 9.8 2O2O O.064 O.O61
3.94 7.8 22 1 1 O.O78 O.O63
3.76 7. 1 22 15 O.093 O.O65
3.60 6.6 2386 O. 103 O.O68
3.46 6.5 2422 O. 109 O.O71
3.34 5. 1 266 1 O. 142 O.074
3.23 4.5 2633 O. 163 O.O78
3. 13 3.9 27O7 O. 198 O.O81
3.03 3.3 2925 O.236 O.O85
2.95 2.8 295.3 O.287 O.O89
2.87 2.4 3O36 O.316 O.O94
2.8O 2. 1 3O77 O.353 O.098
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Table III. Laue Crystallographic Statistics

a) R-factor by lamda

(see attached sheet)

b) Intensity by Resolution

highest <I>/<sig■ - # reflections
resolution

7.O 7.98 54
5.O 16.8O 708
4.0 16.66 1473
3.4 9.20 2 160
3.0 4.89 2 154
2.8 3.83 1272
2.6 3.55 1457
2.4 3.36 1544
2.2 3.5 1 1303
2.O 3. 12 582
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Table IV Combined Synchtron Data (Laue and Monochromatic)

a) Merging Statistics of Two Data Sets

highest
resolution

7. 12
5.15
4.08
3.50
3.08
2.86

totals

# of overlapping
reflections

43
654
1 161
1689
16O7
765

5919

total outputted 17441
data

b) Completeness of Data

highest
resolution
in A

reflections
observed

<Flaue/Fmono

| 2 8
. 12

1.04
O.89
O.88
O.94

reflections
missing

R-factor
X I Flaue -
Fmonol)/X-Fmono

34. 14
27.79
22.33
14.75
19.8
26.36

21.38

14.79

percent
complete

1856
1850
1890
1719
1535
1954
14 15
1577
1665
1937

277
81
55
7 1
97
163
14 O7
2227
3645
5679

87.O
95.8
97.2
96.O
94. 1
92.3
50. 1
41.5
31.4
25.4
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Table V. Initial Crystallographic Refinement Statistics” from Area

detector data

(16 residues missing from structure)

resolution range Local R-factor Accumulated R-factor

7.OO-4.95 22. 1 22. 1
4.95-4. 19 17.2 19.4
4. 19-3.75 20.4 19.7
3.75-3.46 22. 1 2O. 1
3.46–3.23 23.0 20.5
3.23–3.06 24.7 20.9

°as calculated with X-PLOR with a solvation mask using all data

most recent refinement stats....from monochromatic synchrotron data
deviation of bond length from ideality 0.023 A...deviation of angles
from ideality 4.590°

high low # Of local accumulated
resolution resolution reflections R-factor R-factor
5.66 2O.OO 1277 O.2747 O.2747
4.51 5.66 1306 O. 1838 O.2281
3.95 4.51 1314 O. 1728 O.2094
3.59 3.95 1291 O.204 1 O.2084
3.33 3.59 1286 O.2206 O.2 102
3. 14 3.33 1274 O.24O7 O.2 134
2.98 3. 14 1249 O.2673 O.2 176
2.85 2.98 1232 O.3036 O.2232

1 90
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Figure 3b
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Appendix A

ROTATION SOLUTION OF HUMAN TS

ALPHA HORIZ, GAMMA VERTICAL, BETA= 10.0

5 1 C 15 2 O 25 3 C 35 4 O 45 5 O 55 6.O 65 7 O 75 8 O 85 90 951 OO 1 O 511 O 115
O. O 23 25 30 39 44 59 71 5 4 32 22 11 4 0 – 6 - 6 4 13 2.5 36 30 25 20 l l l 4
5. O 25 29 37 42 58 7.1 5 4 34 24 11 3 C – 6 – 6 5 14 2.5 35 30 23 20 11 13 23

10. O 27 34 4 C 55 69 5 4 35 2.5 11 2 O – 6 – 6 5 14 2 4 35 29 2.2 18 11 13 22 24
15. O 31 36 52 66 52 3 4 25 10 0 – 1 – 6 – 6 5 13 23 33 27 19 17 11 13 21 23 25
20. O 32 47 61 50 34 24 9 — 1 - 3 - 6 - 6 4 12 21 31 25 17 15 1 O 13 2 O 21 22 28
25. O 42 56 4 6 3.2 22 7 – 4 – 5 - 7 - 6 2 1 0 19 3C 23 14 3 10 13 19 19 19 24 27
30. O 50 43 3C 20 4 – 6 – 8 – 8 – 7 1 8 17 27 21 11 l l l O 12 17 1 6 16 20 22 36
35. O 39 28 18 1 – 9–10 – 10 – 9 – 1 5 14 25 19 9 9 1 0 1 2 1 6 1 4 13 1.6 17 29 44
40... O 26 16 O – 12–13 – 12 – 10 – 3 2 12 23 l 7 7 8 9 12 15 12 1 0 1 2 12 23 39 35
45. O 13 – 3 – 15–1 6–1 4 – 13 – 6 O 9 2 1 15 5 7 9 12 - 3 1C 8 8 7 17 33 3.2 24
50. O –6–18 – 19 – 17 – 15 – 9 – 2 7 19 14 4 6 9 12 12 8 6 5 3 12 29 29 22 11
55. O – 20–22 – 19 – 18 – 12 – 5 4 17 l.2 2 5 10 12 12 7 4 3 O 8 26 27 20 8 – 8
60. O – 24 – 22–21 – 14 – 1 2 15 1 0 1 4 10 12 11 6 3 2 – 3 5 23 26 18 6-10-22
65. O – 25 – 23 – 17 – 9 O 13 8 O 4 1 0 13 l l 6 3 1 – 4 3 22 25 17 5–11–23–26
7 O. O – 26–19–11 – 1 1 C 7 O 3 l l l 4 11 6 3 C – 6 l 21 2.5 lb 4–12–24 – 28–27
75. O - 21 – 12 – 2 9 5 – 1 3 11 14 11 6 4 1 – 6 1 21 25 15 3–12–24–29–29–28
80. O – 13 – 3 7 3 – 2 3 11 15 12 7 5 2 – 5 2 22 25 15 2-12-24 – 30–31–29–22
85. O – 4 6 2 - 3 3 12 15 12 7 7 3 – 5 3 23 26 15 2-11 – 23 – 3 O-32–31–23–14
90 ... O 5 1 - 3 3 12 1 6 13 8 8 4 – 3 4 24 26 15 2–1 O-22 – 3 C - 3 3-32-24 – 15 — 4
95. O 1 – 2 3 12 16 13 9 1 O 6 – 2 5 25 27 16 2–1 0–21 – 3 O-33-32-24 – 15 – 5 5

100. O –2 4 12 1 6 13 1 0 1 1 7 O 7 26 28 16 3 – 9–20–29– 33–32 – 24 – 15 – 4 5 1
105. O 5 12 15 13 l l l 2 8 O 8 27 28 17 4 – 8 – 19–28–32 – 31–24 – 15 – 4 5 2 – 1
1 1 0. O 11 14 13 12 12 8 1 1 0 27 29 18 4 – 7 – 18-27-32-31 – 23 – 14 – 3 6 3 O 6
115. O 13 13 13 13 9 3 11 28 29 18 5 – 7 – 17 – 26–31 – 3 O-23 – 14 – 2 8 5 2 7 11
120. O 12 13 13 9 4 12 28 29 19 6 – 6–1 6–25 – 29–28–21 – 13 — 1 9 7 4 8 11 12
125. O 13 12 9 5 14 28 29 2 O 6 – 6–1 6–24 – 28–2 6–20–12 C 11 1 0 7 9 1 0 1 1 12
13 O. O 12 9 6 15 28 29 20 7 – 6–1 6–24 – 27–25 – 18 – 1 1 0 13 12 1 0 1 1 1 O 9 11 12
1 35. O 9 8 17 29 29 20 7 – 6–1 6–23–25 – 23 – 16 – 9 l l 4 15 13 12 9 9 1 0 12 12
1 4 0.0 9 18 29 28 20 8 – 6–1 7–23–24 – 20 – 14 – 7 3 1 6 18 16 1 4 9 8 9 11 11 9
1 4 5 - O 20 30 28 20 8 – 7 – 17 – 23 – 23–19–11 – 5 5 18 21 19 15 9 8 8 1 0 1 1 1 0 1 1
15 O. O 30 28 20 8 - 7 - 18-23-22-17 – 8 – 2 7 19 24 22 16 9 8 8 9 1 0 1 1 13 22
155 ... O 27 19 8 – 7 — 19-23-21 – 15 – 6 O 9 21 26 2.5 18 1 O 9 8 7 10 13 16. 2 4 31
160 - O 19 7 – 8 — 19-23-21 – 14 – 4 3 12 23 28 27 19 l l 9 8 6 1 0 14 18 25 32 27
165. O 7 – 8 – 20–22–20 – 14 – 2 7 15 24 29 29 21 l l l C 7 5 1 C 16 2 O 27 32 27 18
17 O ... O –9–20–22–20 – 13 O 1 0 1 7 25 30 30 22 12 11 7 5 1 0 1 7 22 28 33 26 17 6
175. O - 20-22-20-1 4 0 1 2 20 26 30 30 23 13 11 7 4 1 0 19 2 3 2 9 33 26 16 4–10
18 O. O – 22–20 – 14 O 14 2.2 26 29 3C 23 14 l l 7 4 1 O 20 25 29 32 25 14 2-11-21
185 - O - 20-1 4 0 16 24 26 27 29 2 3 14 l l 7 4 l l 21 26 29 32 24 12 O – 12–21–22
19 O. 0 – 15 0 16 25 26 25 27 22 14 l l 6 4 11 22 27 29 31 22 10 - 1-13–21–22–20
1 95.0 O 1 6 25 25 22 24 21 1 4 1 O 6 4 11 22 27 30 30 20 7 – 3 – 14–20–21–20–15
2 O O. 0 15 24 24 20 21 19 13 9 5 5 11 22 28 30 29 18 4 – 5-1 4 – 2 O-21–20–15 O
2 O 5 - O 23 22 17 18 l 7 11 8 5 5 l l 22 28 30 28 16 2 – 7-15-19–21-20-15 - 1 14
210. 0 21 15 15 14 9 6 4 6 12 21 28 30 27 13 O – 9 – 15 — 19-20–20–15 – 2 12 21
215. 0 13 12 12 7 4 4 7 12 21 29 31 26 11 – 3–11 – 15-18-20-19-14 – 3 9 19 19
22 O - O 1 O 9 4 2 3 7 12 20 28 32 26 8 — 5-12-15–17–19–18–14 – 4 7 1 6 1 7 11
225. O 6 1 O 2 8 12 20 28 32 26 6 – 8-12-15-16-18–17 – 13 – 5 4 13 1.6 10 8
23 O. O –1 – 3 l 9 13 19 28 33 26 5-10-1 3–1 4–1 6–1 7–1 6–12 - 6 1 11 14 9 6 3
235. O –5 O 9 13 18 28 33 26 3-1 1 — 13–14 – 15–1 6–1 4 – 11 – 6 O 8 13 7 4 1 — 4
24 O. O — 1 9 13 1.8 27 34 26 2–12 – 13–14 – 15 – 15 – 13–10 – 7 – 2 6 11 6 3 - 1 - 7 – 8
245. O 8 13 17 26 33 25 O-1 4 – 13–14 – 15–14 – 12 – 1 O - 8 – 5 4 10 5 1 - 2 – 9–10 – 2
250. O 13 17 25 33 25 0-15-13-14 – 15 – 13 – 10 – 9 – 9 – 6 3 9 4 0 – 4 – 11 – 12 - 3 8
255. O 16 25 33 24 – 1–1 6–1 4 – 14 – 15 – 13–10 – 9–10 – 8 1 7 3 O – 5 – 12–13 – 5 7 12
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260.
265.
27 O.
275.
28 O.
285.
2.90.
2.95.
300.
3.05.
3.10.
3.15.
320.
3.25.
3.30.
3.35.
34 0.
3.45.
350 .
355.

ALPHA HORIZ,

10.
15.
20.
25.
30.
35.
40.
45.
50.
55.
60.
65.
7 O.
75.
80.
85.
90.
95.

100.
105.

110.
115.
120.
125.
130.
135.
14 O -

2 4 3 2 23
31 22 – 4 – 18 – 15 – 16–17 – 13 – 9 – 8 – 11 – 1 C C
21 – 5 – 19 – 16–17 – 17 – 14 – 9 – 8–11 – 10 O 6
–6–19 – 17 – 18 – 18 – 14 – 9 – 8 – 11 – 1 C 1 7 |

–20 – 17 – 19 – 19 – 14 – 1 O – 8 – l l – 1 O 2 8 1 – 2
– 17 – 2 O – 19 – 14 – 10 – 9–11 – 9 3 9 2 – 1 -5–
–2C – 19 – 14 – 11 – 9–10 – 8 4 l l 3 O – 4 – 1 C –
— 19-14 – 11 – 9–10 – 7 6 1 3 4 O – 2 – 8 – 8
– 14 – 11 – 8 – 9 – 6 8 15 6 1 C – 6 – 6 – 3
– 10 – 8 – 8 – 5 9 17 8 4 1 – 3 – 3 O 4

–8 – 7 – 4 11 19 11 6 3 – 1 O 1 6 15
– 6 – 2 13 21 13 9 6 1 1 4 8 17 28
-1 14 24 1 6 12 9 4 4 7 1 O 19 31 35
16 26 18 15 12 6 7 10 12 22 33 37 43
28 21 18 14 8 9 12 15 24 36 39 4 6 49
24 20 7 9 11 15 17 2 7 38 41 50 55 34
22 19 10 12 17 20 28 39 43 53 60 40 18
20 1 1 l 3 19 22 30 40 4 4 56 65 45 23 1.4
11 13 21 23 31 41 45 58 68 49 27 17 7
14 2.2 25 31 4 O 45 59 71 52' 30 2 O 9 3

GAMMA VERTICAL, BETA=170. 0

O 5 || 0 || 5 20 25 30 3.5 4 O 45 50 55 6.O 65 70
8 4 1 C 19 2 5 29 32 24 13 2-11-21 – 23 – 2 C-1 4 0 15 22 2.7 3C

11 8 5 9 18 23 28 32 25 14 4-1 C-2 1–2 3–2 O – || 4 O 12 19 26
13 11 8 5 9 17 21 28 32 25 16 5 – 9-2 1 – 23–21 – 1 4 0 1 0 1 7
21 12 1 0 8 6 9. 15 19 26 31 25 17 6 – 8–2 0–2 3–2 l – 14 – 2 6
27 19 11 1 0 8 7 9 l 4 17 25 31 26 17 7 – 8 – 20–23–21 – 15 – 4
26 2.5 18 1 O 9 8 8 1 C 12 15 23 30 26 18 7 – 8 — 19-23-22-16
19 24 2.2 l 6 10 8 9 9 1 0 1 1 13 21 29 26 18 7 – 8 – 18–23–2 3–

3 17 21 19 15 9 8 9 10 1 1 1 0 1 1 19 28 26 18 6 - 7 - 18–23–
–9 1 15 18 16 13 9 8 1 C 11 11 9 9 17 28 27 19 6 – 7–1 7–

– 18 – 1 1 0 13 15 12 12 9 9 10 12 12 9 7 15 27 27 19 6 – 7–
–26–20–13 – 1 11 12 9 11 1 O 9 11 12 12 9 5 13 27 27 18 5
–29–27 – 22 – 14 – 2 9 9 6 9 10 1 0 12 13 12 9 4 12 26 27 18
–26-30–29–23 – 15 – 3 8 6 4 8 1 C 11 12 13 13 9 3 10 26 27
– 17 – 26–31 – 31 – 25 – 16 – 4 6 4 1 7 11 12 13 12 12 8 1 9 26

–7–1 7–27 – 32 – 32–25 – 17 – 5 5 2 O 5 11 13 l 3 l l ; 2 8 O 8
3 – 8 – 18 – 29– 33 – 32–2 6–1 7 – 6 4 1 – 1 5 I l l 4 13 l l l l 7 - 1

15 3 -8-20 – 29-33 - 3 3–2 6–17 – 7 3 O – 3 4 ll 4 12 9 1 O 6
25 15 2 – 9–21 – 3 O-34 - 3 3–2 6–17 – 7 3 C - 3 3 l l l 5 12 8 8
22 24 14 2-10-22 – 31 – 33 – 33–2 6–17 – 7 3 O – 4 3 l l l 4 1 1 7

O 20 24 14 2–1 O-23 – 31 – 33 – 32–25 – 16 – 6 4 1 - 3 3 l l l 4 11
–7 O 20 23 1 4 3–11 – 24 — 30–32 – 31 – 24 – 15 – 6 5 2 - 3 3 11 14

O – 8 O 19 2 3 15 3-1 1 – 24 – 30 – 30–29–22 – 14 – 4 7 4 – 2 3 11
1 - 1 - 7 O 19 2 3 15 4 – 11 – 24 – 29–28–27 – 21 — 13 – 3 9 6 – 1 3
4 1 0 – 6 O 20 23 1.6 5–1 O-23–27–2 6–25 – 18 – 11 – 1 11 7 O

10 4 1 O – 5 2. 21 2 4 17 7 – 9–22–25–23–22 – 16 – 9 O 13 9
11 11 5 2 1 –2 6 24 26 19 9 – 7–20–22–21 — 19-13 – 7 3 16

9 11 12 6 3 3 1 1 0 28 28 21 11 – 5 – 18–20–18–1 7–11 – 4 5
7 9 12 13 8 5 6 5 15 32 31 2 3 13 — 3–15 – 17 – 15 – 14 – 8 – 1
6 8 1 0 12 14 1 O 8 1 O 9 21 37 35 25 16 C – 12–14 – 13–12 – 5

19 9 9 10 12 15 12 11 13 15 27 43 38 28 1.8 2 – 9–11 – 11 – 1 O
27 21 11 11 1 0 13 17 15 14 17 20 34 49 42 30 2.1 5 – 6 – 8 – 9
18 29 2 3 13 13 11 13 19 18 17 21 2 5 4 O 55 4 6 3.2 23 7 – 3 – 6

–2 – 17 – 14 – 15 – 16–13 – 9 – 8–11 – 9 0 7 2 O – 6-13-14
6 2 – 1 – 6–1 4–15 – 7
1 – 2 – 7 – 4 – 15 – 7 4

–2 – 7 – 3-1 4 – 8 3 O
– 6-1 3-13 – 7 2 1 0 16
11 – 12 – 7 2 1 C 17 24
10 - 6 2 1 0 || 8 25 29
– 4 2 1 0 20 26 29 19

3 12 21 27 30 21 - 3
13 23 2 9 32 24 O-13–
26 31 34 28 4 – 10–11 –
32 36 3.2 9 – 5 – 8–13–
39 38 5 – 1 -5,-10-11
4 3 2 1 3 – 1 – 7 – 8 – 7
28 8 2 – 4 - 5 - 5 - 7
13 6 O - 2 –3 – 7 – 6
1 O 2 O - 1 – 6 – 6 O

5 1 0 – 6 - 6 1 8
3 O - 6 - 6 2 1 0 24
O – 6 – 6 3 12 25 36

– 6 6 12 16
5 11 15 24

1 1 15 23 30
16 23 30 20
24 29 19 – 7
29 18 – 7–20
19 - 7 -19-17
–5–18–17–20
16-15-19-18
14 – 18–17 – 13
16-15-12-10
1.3–10 – 9 – 8
–8 – 9 – 7 – 5
–8 – 7 – 4 O
– 6 – 3 2 1.8
-1 4 19 30

6 21 32 26
23 33 28 24
35 29 2 5 21
30 25 21 11

75 8 O 85 9 O 951 OO 105 11 O 115
31 23 14 12
31 31 23 13
25 31 30 22
1 4 24 30 29

3 11 22 28
– 7 O 8 20
18 – 9 - 3 5
24-20-12 – 6
23-25-22-15
17-24-26-24
- 7-1 6-2 4-27

5 – 7–1 6–25
18 4 – 7–16
27 17 4 – 7
25 27 16 4

6 25 27 16
-2 5 24 26

4 - 4 3 23
7 3 – 5 1
6 5 1 – 6

11 5 3 O
13 l O 5 2
1 0 1 2 1 0 4

4 10 12 10
O 4 1 0 12

1.1 2 5 9
18 13 3 6

8 20 15 5
1 1 O 23 1 7

–2 4 13 25
– 9 O 7 16
–8 – 8 1 9
–3 – 7 – 7 2

145.
150.
155.
160.
165.
1 70.
175.
180.

11 20 31 25 1 6 1 4 11 14 20 20 20 25 30 4 6 61
4 13 22 33 27 19 16 12 14 21 22 23 2 9 3 4 51

1 4 24 34 29 21 18 12 15 22 23 25 32 38–7 4

–7 – 7 4
0 – 7 – 7

14 24 35 30 23 20 12 15 23 24
4 13 2.5 36 30 25 21 13 15 23

49 34 24 10 - 1
65 5.2 35 25 11
54 69 5 4 35 26

41 57 7 || 55 35
37 43 58 7.2 55

27 35
24 28

1 – 2 – 7 – 7
1 2 3 O – 7

25 13 4 O
34 24 12 5

1 98



185.
190.
195.
200.
205.
2 1 0.
215.
220.
225.
23 O.
235.
240.
245.

250.
255.
260.
265.
27 O.
275.
28 O.
285.
2.90.
2.95.
300.
3.05.
3.10.
3.15.
3.20.
3.25.
3.30.
3.35.
34 0.
3.45.
350.
355.

– 14 – 15 – 16–15 – 12
- 13-15 – 16–18 – 17 – 13

5 1 – 7 – 7 3 12
9 4 O – 7 – 7 2

16 7 3 O – 7 – 7
20 1 2 4 1 – 1 – 7
36 15 8 1 - 1 - 2
50 29 10 4 – 1 – 3
43 44 23 5 O – 5
35 4 O 39 17 O – 3
27 33 37 33 11 — 4
14 2.5 31 35 29 6

3 12 23 2 9 33 25
–2 2 10 20 28 31
–7 – 4 1 9 19 26
–8 – 9 – 5 1 8 1 7
–3 – 1 O – 11 – 7 1 8

O – 4 – 11–12 – 7 1
4 O – 4 – 12–13 – 7
9 4 O - 4 - 12–14
2 9 5 1 – 4 – 12–

–7 2 1 O 5 2 – 3–
–9 – 6 3 l O 6 2
–8 – 8 – 5 5 11 7

– 11 – 9 – 7 – 3 6 1 3
-1 4 – 12 – 10 – 6 – 1 8
– 15 – 15 – 14 – 11 – 6 O

–5

–5 – 12 – 15 – 17 – 19 – 18–
11 – 3 – 11 – 15 – 18-20
27 13 O – 9-15 – 19 —
31 28 16 1 – 8 – 15–

24 35 30 25 21 1. 3 15 22 24 29 39 44 58 7.1 53 31 22 11
11 2 4 35 3 O 25 21 13 5 21 22 29 39 44 58 69 50 28 19

9 22 3 4 28 25 2. 1 3 4 2 O 21 28 39 44 56 65 4 6 25
– 6 O 7 21 32 27 23 20 12 13 18 9 27 38 42 53 61 41
–7 – 6 – 1 5 19 3C 25 21 18 l l l 2 15 17 25 37 41 50 56
– 4 – 7 – 7 – 2 3 18 28 22 19 1 6 1 0 1 0 13 14 23 35' 39 47
– 6 – 5 – 8 – 7 – 4 l l 6 26 20 6 1 4 8 8 1 0 1 2 21 33 37
–8 – 9 – 7 – 8 – 7 – 5 O 15 24 7 13 l l 5 5 7 9 18 30
– 6-1 1 – 11 – 9 – 9 – 7 – 6 - 1 13 22 15 1 O 8 3 3 4 7 16
–8 – 9–13 – 13 – 10 – 9 – 8 - 7 - 3 12 20 13 8 6 O O 1 5

1 – 11 – 12-15-15-11 – 9 – 8 – 8 – 4 || 0 || 8 1 O 6 3 – 1 – 2 O
23 — 1 – 14 – 14 – 1 7–1 6–12 – 9 – 8 – 8 — 5 9 17 9 4 1 – 4 – 5
31 21 – 3–1 6–15 – 17 – 17 – 13 – 9 – 8 – 9 – 6 7 15 7 2 0 – 6
25 3 O 20 – 5–1 7–1 6–1 7–1 7–13 – 9 – 8 – 9 – 7 6 13 6 1 – 2
16 24 3O 2 O –5 – 18 – 1 6–1 7–1 7–13 – 9 – 8 – 1 O – 7 4 l l 5 O

8 15 24 3 O 21 – 5 – 18 – 15–17 – 17–13 – 8 – 8 – 1 C – 8 3 1C 4
2 8 14 23 31 22 – 4 – 18 – 15–1 6–1 7–12 – 8 - 7–10 – 8 2 9

–7 3 9 14 23 32 23 – 3–1 7–14–15 – 16–12 – 7 – 7 – 10 – 8 2
1 4 – 7 4 1 O 14 2 4 32 24 – 2–1 6–1 4–1 4–15 – 12 – 7 – 7–10 – 8
12–13 – 6 5 1 C 15 24 33 2 5 –1 – 15 – 13–14 – 15–12 – 8 - 7 - 9
–3 – 11 – 12 – 5 6 ll 15 2.5 34 26 C – 14 – 1 3-13-14 – 12 – 8 – 8

3 – 1 – 9–11 – 4 7 12 6 26 34 26 1–13 – 13–13–14 – 12 – 9
8 4 O – 8 – 9 – 2 7 || 2 || 7 2 7 34 27 2–1 3-1 3-1 3-1 4-13

1 4 9 6 1 – 5 – 7 – 1 8 12 8 27 34 27 3-12-13–14 - 14
10 16 l l 7 3 – 3 – 5 O 8 13 19 28 34 27 4-10-13-14

3 13 7 12 8 5 O – 2 1 8 12 19 29 34 27 6 - 9-13
– 4 5 15 l 8 13 l O 8 2 O 2 8 12 2 O 29 33 27 7 – 7
l 3 – 3 8 17 20 l 4 12 11 5 2 3 7 12 21 29 32 27 9
19 — 14 – 2 1 O 20 2 1 1 6 15 13 8 5 4 7 l.2 21 29 32 27
21 — 20 – 15 – 1 12 22
20–21 – 2 O – 15 O 14
14 – 2 O – 22–20 – 15
–3 – 13–21–22–20–15

23 18 17 | 6 || 1 7
23 24 20 20 18 13

5 6 11 22 29 31
5 11 22 299 6
6 5

7
28 3 O 29 18 4 – 5–
22 28 30 30 20 7
1 O 21 27 30 31 22

4 10 20 26 29 31
9 – 1 – 13–21 – 22 — 20–

0-12-21 – 23–23 11

O 16 25 25 22 23 21 14 10
O 17 25 26 25 25 22 15 11

15
20 – 14 1

O 1 7 2 5 27 27 28 23 15 11
6 24 27 29 29 2 3 15 12 7

11 22
4 10
7 4
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SYMMETRY RELATED:

BETA, ALPHA.GAMMA, RF VALUE, OMEGA, PHI, CHI, DIRECTION COSINES,

17O.O 90.0 - 18O. 71.6 93.5 - 135. 172.9 -0.7058 -0.7058 -0.06.17
17O.O 90.O - 18O. 71.6 93.5 - 135. 172.9 -0.7O58 -O.7O58 -O.O617

- 170.0 30.0 O.O 71.6 88.7 -75.O 170.3 O.2588 –O.9657 O.O226
- 170.0 150.0 O.O 71.6 85.2 - 15.0 177.4 0.9629 -0.2580 0.0843
10.0 30.0 0.0 71.6 18.7 105.0 31.6 -0.0829 O.3093 0.9473
10.0 150.0 0.0 71.6 5.2 165.0 150.1 -O.O871 O.O233 0.9959
- 10.0 90.0 - 180. 71.6 172.9 45.0 90.4 O.O868 0.0868 -0.9924
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Translation Search:

2O 3 O
X,Y,Z

1 X,Y,Z
-Y,X-Y, 1/3+Z

2 -Y,X-Y, 1/3+Z
Y-X, -X,2/3+Z

3 Y-X, -X,2/3+Z
Y,X,-Z

4 Y,X,-Z
-X,Y-X, 1/3-Z

5 -X,Y-X, 1/3-Z
X-Y, -Y,2/3-Z

6 X-Y, -Y,2/3-Z

400 499 500 96.67

X CELL DIMENSION 96.67 STEP SIZE(INAS)
XLIMITS - 400 TO 499
O 1 OO 500 96.67
O O 1 84.09

SECTION = O

R FACTOR MAP

The function plotted is 1000.0 - (10.0 * R) .

O. 193(= 1/500)

The translation function map is calculated in Z sections
with Y running across the page,
and X down

SECTION = 0

201



attwitIIt80y60?Iitwitat9atvLItsttºettºItºottº60ygot90°towwow909&Iwatwgaywetcrycºst094agºczygayigw6/wway
6tv91vetvolt60y1tºv1vLlv81v8tºZltºatvwttºetvoltOttgow90ywow90?Itº9tytºwecttwºIsv69t,99pºw8atcowebtobt,

61v9tywital.vOly1tºatwgl§8tº81yLltºtiv.919witItºOlt60yLotgot90yOttstºwlaw6&wgettwºasy99WatyLtcewWowWety
Ozvalw91vwt%atvolwttwclºw9ttºLIvLltº91tº9ttºsubclºwout90y90yGov.9ow60tclºwozyzzyscºevyCGwrowozy9/wogwwowwety

giv8tºatv91vwtvzutºttwatvtºtºgiv9ttº91v9tystºvatvotvgot90wGovgotgottttatwwayºct.63vZººt98wgetzavgav(gyw8w
aliv91tºatvZlvGltcitatWCltc1tºvlvwtvGttºsutwitzitonvgot90t,90ygov.zow60tcutoztgay92tcºwOstgºt99pºwatºlev
9tvstyvivGtvgivvivcivcivcivwivelycivwtyvivciv1tº6owlowzovlowzovGovztwzuvvºwlevgevwwwisvgºwwowozv9/w
wlywit,vlºvwtvwtvwtºplyalºltºattºziºlltºItºltºittºoiw60t.LowLow90t,90y90yotyguyOzygºttetacywww.ogy9syz9y69?

Itºttwzlºvetvzivºutcutcutottº60+6owgotgotLot90+9ow90t,gotgovLowGow60t60vzitsitozygºwocw96-wºwy99t,Cºswoop
60%90y90yottºttwOlwttttttº60°40w90t,gottowwowtowtowwowcowcow90y60t,orvitwittºcutsivozyway6&wcºwactzººost,
got90t.90+90t,90t,60t,90t60y90%wowcotCowvowtottotOovtowwowwowcot,90tyottºttwcutittºcity91vozyCzysztgetcev6-y
zoºCot'cottoºgov90t.Low90ygotzot66e66eCowOov66C66266eootlowlotCowLot60?Itºziºltºzlyçiw9ttOºtyczyway6&w
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OUTPUT FOR 20 LOWEST R VALUE POSITIONS
4(S/L)**2 LIMITS R96 NREFLNS MEAN&FOBSS RMS <FC> SCALE

R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN
R FACTORS FORTRANSLN

O.994OO O.OO2OO O.OOOOO(FRACT)
O.9920O O.OOOOO O.OOOOO(FRACT)
O.994OO O.OOOOO O.OOOOO(FRACT)
O.99000 O.OOOOO O.OOOOO(FRACT)
O.9920O O.OO2OO O.OOOOO(FRACT)
O.99600 0.00200 O.OOOOO(FRACT)
O.9960O O.OO4OO O.OOOOO(FRACT)
O.994OO O.OO4OO O.OOOOO(FRACT)
O.99000 O.OO2OO O.OOOOO(FRACT)
O.9880O O.OOOOO O.OOOOO(FRACT)
O.9980O O.004OO O.OOOOO(FRACT)
O.9920O O.OO4OO O.OOOOO(FRACT)
O.99600 O.OOOOO O.OOOOO(FRACT)
O.9980O O.OO2OO O.OOOOO(FRACT)
O.99600 O.OO60O O.OOOOO(FRACT)
0.998.00 0.00600 O.OOOOO(FRACT)
O.99000 O.OO4OO O.OOOOO(FRACT)
O.98800 0.00200 O.OOOOO(FRACT)
O.994OO O.OO6OO O.OOOOO(FRACT)
O.9920O O.OO6OO O.OOOOO(FRACT)

96.O9
95.90
96.09
95.70
95.90
96.28
96.28
96.09
95.70
95.51
96.48
95.90
96.28
96.48
96.28
96.48
95.70
95.51
96.O9
95.90

O. 19
O.OO
O.OO
O.OO
0.19
0.19
O.39
O.39
0.19
0.00
0.39
0.39
0.00
O. 19
0.58
0.58
O.39
0.19
O.58
0.58

O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
0.00(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)
O.OO(INAS)

497
496
497
495
496
498
498
497
495
494
499
496
498
499
498
499
495
494
497
496

O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)
O(GRID POINT)

478
477
477
476
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Appendix B) Data on Preliminary work on a possible ternary complex
with FáUMP and CB3717 (crystals grown and data collected by Louise
Chang)

a) Crystallographic Data Statistics

Higher Rsymms #Reflections
Resolution Observed Possible Missing

5.O 4.75 12 178 2012 4
4.0 4.40 1005 1 1937 O
3.5 6.54 9082 1918 l
3.2 9.52 796O 1893 1 O
3.0 16.87 6684 1885 22
2.8 24.02 5597 1900 4 1

TTTTTT533TT 51.552 TTTTTT TT545 TTTTTT7's TTT

b) Crystallographic Refinement Statistics complex structure (29
residues missing from structure)

resolution range Local R-factor Accumulated R-factor

7.OO-4.95 26.7 26.7
4.95-4. 19 21.0 23.5
4. 19-3.75 22.6 23.2
3.75-3.46 24.2 23.4
3.46–3.23 27.6 23.9
3.23–3.06 28.8 24.4

*as calculated with X-PLOR with a solvation mask using all data
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$105D0A17: [schrrrrr.Ts.xplor. HTs]HTs. OUT; 1
31-MAY-1992 12:52:47. 45

ALA 73 -59. 07
...EU 74 -75. 87
GLY 1.40 999.00
ASP 141 -29. 61
LEU 142 -109.56
GLY 1.43 48.42
PRC 144 -90.85
WAL 145 -114.83
TYR 146 –47. 28
GLY 1.47 -39.86
PHE 148 -73. 21
GLN 149 -45. 81
TRP 150 -96. 20
ARG 151 -125.86
HIS 152 - 174.54
PHE 153 - 106. 87
GLY 154 136. 07
A.A. 155 36.83
TYR 608 999.00
SER 157 999.00
GLY 158 -68.25
GLN 159 -178.96
GLY 160 167. 72
VAL 161 - 104. 72
ASP 162 -86. 22
GLN 163 - 49.69
LEU 164 -77. 83
GLN 165 -66.83
ARG 166 -50.57
VAL 167 -77. 50
ILE 168 - 60.82
ASP 169 -69. 22
THR 170 -58. 44
ILE 171 –71. 70
LYS 172 -84. 23
THR 173 -79. 57
ASN 174 -156.55
PRO 175 -55.98
ASP 1.76 -88. 56
ASP 177 -66. 72
ARG 178 - 70.25
ARG 179 -81. 17
ILE 180 -88. 83
ILE 1.81 -114.68

MET 1.82 -122. 38
CYS 183 -119. 19
ALA 184 -123.44
TRP 185 142. 51
ASN 186 -152. 92
PRO 187 -106.04
ARG 188 -81.47
ASP 189 -95. 29
LEU 190 -107.80
PRO 191 - 102.87
LEU 192 -88. 16
MET 1.93 – 106.97
ALA 194 -82.98
LEU 195 50. 16
PRO 196 –33. 35
PRO 197 – 41. 12
CYS 198 – 156.18

IS 199 – 170. 54
ALA 200 -76. O6
LEU 201 -174.24
CYS 202 – 128. 26
GLN 203 – 108. 56
PHE 204 -108.65
TYR 205 – 15 6.70
VAL 206 -121. 14
VAL 207 - 156. 34
ASN 208 l8. 72
SER 209 60. 75
GLU 210 -137.86
LEU 211 -89. 86
SER 212 -132.90
CºS 213 -126.82
GLN 214 -124.37
LEU 215 -106.83
TYR 216 – 112.47
GLN 217 -126.49
ARG 218 -6.2. 69
SER 219 – 158.98
SLY 220 -133.23
ASP 221 -99.69
"ET 222 -64. 12
GLY 223 -76.76
LEU 224 -101.16

-34 - 8.4 167. O 8
999. OO 164. 20
–36. 18 999. OO
111.17 178. 12
44.28 - 168. 39

-146.05 - 167.50
126. 50 165.08
171.46 172.88
–77. 18 - 164.95
-16.08 173.02
–69. 26 163.04
–21. l l 179. 40
–1 6.94 - 176.82

9.48 –178.50
120. 61 179. 17

94. 24 - 162.82
-161.56 171. 22

999.00 177. 14
999. OO 999. OO

4.31 999.00
–0.07 -179.94

155.25 176. 23
-148.50 176.75

123. 76 168.87
85. 48 -179. 24

–41. 45 176.87
–30. 28 –175. 71
-42. 11 173.08
–32. 42 175. 28
–47. 86 -173. O6
–41. 54 - 177.91
- 46.92 179.54
—23. 29 175. 92
–3 6.58 –178. 75
–24. 33 - 176.78
- 49.79 -177.93

84. 50 - 171. 44
-14. 71 178. 34
-2. 80 - 176. 34

126.09 -171.53
–25. 21 178. 72

22.41 - 176. 26
71.97 –175. 88

135.95 - 177. 40
134.42 177. 07
158.63 175.46

85. 79 175.68
-179. 47 - 178. 61

-81. 61 144.21
175. 19 -7.98

-101. 74 -179.60
-1.78. O9 158.75

82.35 -161.73
lo. 72 126.35
91. 63 152.23
2.80 178. 71

4 7.18 –177. 66
102. 85 -158. 17

58. 95 158.67
17 O. 12 – 136. 10

85. 93 – 172. 33
57. 21 172.43
–7. 22 -151.29

116. 30 174.06
144.33 166.21
138.55 – 174.55
162. 88 176. 32
137. 60 –177.82
13 O. 80 – 17 O. 16
147.71 173. 24

65. 65 – 17 O. 95
36. 44 174 - 24

126. 77 – 174.38
130.33 -179. 19
155. 70 177.95
138. 95 –173.17
122. 11 174. 49
119.73 179. 76
115. 71 –176. 32
135. 83 175.65
–1 6.82 – 169.24
144.38 173. 39
14 O. 34 174.59
118.37 176.47
–41.51 – 172.05
–39. 91 –172.45
–63. 83 -171.99

good A helix
undefined
undefined
bad phi-psi
generic beta
bad phi-psi
generic beta
generic beta
generic alpha
weak helix
generic alpha
good A helix
generic alpha
generic beta
generic beta
generic beta
bad phi-psi
undefined
undefined
undefined
3-10 helix
generic beta
bad phi-psi
parallel beta
generic beta
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
generic alpha
good A helix
generic beta
3-10 helix
generic alpha
generic beta
good A helix
generic beta
generic beta
parallel beta
antiparallel B
generic beta
generic beta
bad phi-psi
bad phi-psi
generic beta
bad phi-psi
generic beta
generic beta
generic beta
generic beta
generic beta
generic beta
bad phi-psi
bad phi-psi
generic beta
generic beta
generic beta
3-10 helix
generic beta
antiparallel B
parallel beta
generic beta
antiparallel B
antiparallel B
antiparallel B
bad phi-psi
generic L-hand
antiparallel B
generic beta
antiparallel B
antiparallel B
parallel beta
parallel beta
parallel beta
antiparallel B
generic alpha
antiparallel B
antiparallel B
generic beta
good A helix
good A helix
generic alpha
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–39. 66 -173. 83
- 41 - 10 177.04
–3 6.08 – 178. 34
–42. 45 - 175.85
–41. 41 -173.79
–46.08 174.26
-42.10 - 176.91
–51. 16 176. 22
–22. 42 -178.84
–36. 75 178. 56
–40.88 178.91
-42. 91 - 179. 28
–32. 74 - 178.62
–33.42 176.49
–55. 73 – 179. 40
–45. 76 -179.65
-35. 72 179.58
–50. 31 174.90
–43. 09 174. 66

3.99 — 178.90
29.98 17.3. 39

177. 31 178. 31
130.94 178. 80
152.96 –175. 07
-97.96 –176.99
150. O3 179.98
121. 48 17.3. O1
146.82 - 177. 41
105.81 - 168. 60
150. 65 - 174.77
14 2. 17 - 170. 42
-82.38 179.42

97.99 - 179.00
121.9l 174.80
165. 62 - 174. 43
125. 79 179. 33
133.52 -179.21
–34. 42 - 175.94

28. 27 -179.67
-1.8. 20 - 175. 82
–41. 81 179.69
–61. 32 177. 46
–26. 33 179. 32
–35. O5 - 177. 12
–31. 53 178.66
–30. 16 178. 87
–41. 41 174. 20
-16. 13 178.06

–3. 77 179.84
153. 26 176. 26
118. 15 - 175.30
141. 24 - 175. 28
164. 86 175.83
146. 43 - 177.08
152.93 –175. 83

$105DUA17: [scRIrrra. Ts.xplor. HTs] HTs. OOT: 1
31-MAY-1992 12:52:47.45

GLY 225 -75. 51
WAL 226 -58. 56
PRO 227 -59. 29
PHE 2.28 -72.85
ASN 229 -69. 92
I_E 230 -52. 12

ALA 231 -68. 17
SER 232 -58. 74
TYR 233 -74.39
ALA 234 -68.90
LEU 235 -71. 42
LEU 236 -61.58
THR 237 -64. 92
TYR 238 -68. 30
MET 239 -67. 96
ILE 2.40 -63. OT
ALA 241 -60. 33
HIS 242 -64. 30
ILE 2.43 -53. 44
IHR 244 -91. 74
GLY 245 80. 72
LEU 246 -117. 79
-YS 247 -104.26
PRO 2.48 -75. 97
GLY 249 -11.6.18
ASP 250 - 12.1. 82
PHE 251 – 114. 08
ILE 2.52 – 11 2.83
HIS 253 – 129.91
THR 254 -106. 22
LEU 255 - 143. 60
GLY 256 -88. 31
ASP 257 -96.08
ALA 258 -87. 49
HIS 259 – 135.88
ILE 260 -133.43
TYR 261 -72.80
LEU 262 - 45.95
ASN 263 -84.87
HIS 264 - 132.97
ILE 2.65 - 49. 97
GLU 266 -6.2. O 8
PRO 267 -62. 36
LEU 268 -75. 11
LYS 269 -67. 44
ILE 270 -86. 16
GLN 271 -52. 38
LEU 272 –59. 38
GLN 273 -93. 97
ARG 274 -85.47
GLU 275 – 101.57
PRC 276 -61. O3
ARG 277 -91. 60
PRC 278 – 62. 37
PHE 279 – 64. 18
PRO 280 -71. 24
LYS 281 -114.63
LEU 282 -82. 10
ARG 283 0.09
ILE 284 -105.94
LEU 285 -75.58
ARG 286 – 157.68
LYS 287 – 78.48
VAL 288 – 14 O. 60
GLU 289 – 130.09
-YS 290 98.10
ILE 2.91 -52.49

ASP 292 -81. 60
ASP 293 – 74.04
*HE 294 -66. 35
-YS 295 – 135. 86
ALA 296 -42. 52
GLU 297 -66. 26
ASP 298 -95. 92
*HE 299 -127. 22
3LN 300 –135. 64
ILE 301 -82. 30
SLU 302 -122.44
Sº 303 83.14
"YR 304 -87. 81
*SN 305 – 112. 81
*R0 306 -75.02
{IS 307 -72.76
'R0 308 -61. 25
HR 309 -64. 44
LE 310 -131.85
YS 311 -77.59

– 17 7. 92 177.26
164. 53 171. 81
–44. 47 - 160. 45
115. 36 - 174.02
111.46 – 178. 28

10. O9 – 170.62
139.43 — 171.63
13 O. 66 175. 61
14 O. 89 -173.00
146. 79 157.47
105.33 – 178.78
–23. 60 l 78.23
– 17 - 34 176.91
–11. 83 – 178. 74
146. 45 – 171.91
1 5 9. 23 171.19
–4 6.52 – 177.41

7.16 –176.84
3.99 — 174.38

136. O1 –173.40
134.78 162.76
124.36 176.40
146.78 179.28
14.39 177.83

102.97 – 174.44
80.04 168.99

160. 91 – 179-86
174.82 167. 16
164.73 -173. 22
152.32 1.74. 41
106.44 176.94
12 2.04 177-37

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

c

c

a

a

a

d
a

a

a

a

a

a

c

a

a

a

a

a

a

a

e

a

a

a

a

a

a

a

b
d
a

a

a

a

a

a

a

a

a

f
a

c

a

a

a

a

e

a

b
b
a

a

a

d
c

a

a

a

a

d
a

a

a

a

a

a

a

a

good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
good A helix
generic beta
bad phi-psi
generic beta
parallel beta
generic beta
bad phi-psi
antiparallel B
parallel beta
generic beta
parallel beta
generic beta
antiparallel B
bad phi-psi
generic beta
generic beta
generic beta
antiparallel B
generic beta
good A helix
generic beta
weak helix

good A helix
generic alpha
good A helix
good A helix
good A helix
generic alpha
good A helix
3-10 helix
generic alpha
generic beta
parallel beta
polyproline hy:
generic beta
polyproline h;
polyproline h;
generic beta
generic beta
generic alpha
bad phi-psi
parallel beta
generic beta
antiparallel B
generic beta
antiparallel B
antiparallel B
bad phi-psi
good A helix
generic alpha
generic alpha
polyproline h;
antiparallel B
good A helix
3-10 he lix

generic beta
antiparallel B
antiparallel B
generic beta
antiparallel B
bad phi-psi
generic beta
generic beta
generic beta
generic beta
generic beta
polyproline h;
parallel beta
generic beta
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$105DUA17: [sch IFFER.T.s. XPLOR. HTS) HT
31-MAY-1992 12:52:47.45

MET 312 -108. O7 -49. O3 – 178. 73
GLU 313 52. 09 137.81 177. 52
MET 3.14 -120.55 118. 71 – 178. 78
ALA 315 -99.99 125. O7 – 178.51
WAL 316 -158.98 999. OO 171. 67

S.

:
oUT; 1

generic alpha
bad phi-psi
parallel beta
generic beta
undefined

secondary structure assignments as given in
Dickerson and Geis, The structure and action of Proteins, page 27
Single letter (a, b, c etc) indicates phi-psi quality
as from a ramachandran plot, 'a' being best
Total residues analyzed: 257
Residues with helix phi-psi : 92
Residues with sheet phi-psi : 132
Residues with Lhand phi-psi : 2
Residues with other phi-psi : 10

12
glycines
non-glycines

Page 4
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Chapter 7

A Comparison of the Crystal and NMR Structures o-Bungarotoxin with

a Simultaneous Refinement Method

in preparation
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a Simultaneous Refinement Method
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Abstract:

o-Bungarotoxin is a snake neurotoxin which is one of the major

components in the venom of Bungarus multicintus. The x-ray crystal

structure and the NMR solution structure differ significantly. A

method of simultaneous refinement in which one structure is refined

to both crystal and solution data simultaneously with a molecular

mechanics force field is presented, to see if one structure can

accomodate both data sets. The solution and crystal structures of o

bungarotoxin are different since neither is consistent with the others

data set.

208



Three dimensional structures of proteins are currently solved to

atomic resolution by the techniques of x-ray crystallography and

nuclear magnetic resonance (NMR). The structures of several

proteins have now been determined using both techniques a few of
which are: 0-bungarotoxin (Love et al. 1986 and Basus et al. 1988),

barnase (Maugen et al. 1982, Baudet and Janin 1991, Bycroft et al.

1991), dihydrofolate reductase (Bolin et al. 1982, Filman et al. 1982,

Carr, et al. 1991), interleukin 8 (Baldwin et al. 1991), lysozyme

(Perkins et al., 1979, Artymiuk and Blake 1981, Redfield and Dobson

1990), tendamistat (Billeter et al. 1989, Braun et al. 1990, Kline et al.

1990). Structures are solved by x-ray crystallography by first

determining the global structure then adding higher resolution data

and determining the local interactions. Structures are solved by NMR

by obtaining information about many short range (<5.0 Å) interactions.
This information is then used to generate a family of structures

consistent with the data. If enough interactions are observed

betweeen non-sequential residues then a global structure can be

defined. These two techniques thus can provide complimentary

information on the structure of a protein. By determining the

structure of one protein with several techniques, a dynamical

understanding of the protein's structure can be obtained. A structure

which is identical in both the solution and the crystalline environment

is very likely to remain rigid most of the time. The conformation of a

more flexible molecule may be greatly affected by crystal packing

forces. When determining a structure with either techniques there

are often regions whose structure is ambiguous. In crystallography

these regions are often marked by high temperature factors; in NMR
209



by a lack of tertiary distance constraints. Differences between solution

and crystal structures often may occur in these ambiguous regions and

thus may not be significant. In this paper we propose a method to
determine whether one structure can be consistent with both an NMR

data set and a crystallographic data set. This consists of using a

molecular dynamics refinement procedure and constraining the

refinement to simultaneously fit both data sets.

Previous structure determinations have taken a protein whose
structure have been determined by one technique and used it as an aid

to determining the structure by an alternative method. The NMR

structure of human and hen lysozyme (Redfield and Dobson 1990) was

solved in part by comparing the experimentally measured NMR data

with the calculated parameters from the x-ray structures (Perkins et

al. 1979, Artymiuk and Blake 1981). With interleukin 8 the crystal

structure was solved by molecular replacement from the NMR

structure (Baldwin et al. 1991). The structure of tendamistat has been

solved by several laboratories both by crystallography and NMR. The

structure was originally solved by crystallography (Pflugrath et al.

1986) and then independently by NMR (Kline et al. 1988) Then as a

model system the crystal structure (Braun et al 1989) was solved by

molecular replacement from the NMR structure and the two

structures were extensively compared (Billeter et al. 1989). In all of

these cases the crystal and NMR structures were globally very similar.

o-Bungarotoxin is a memeber of the long-snake-neurotoxin family

of proteins (74 amino acids) from Bungarus multicinctus whose three

dimensional structure has been has been determined by both x-ray
-
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crystallography to 2.5 Å (Love et al. 1986) and two dimensional NMR,
with over 400 experimentally determined distance constraints (Basus

et al. 1988). The two structures vary significantly with an RMS

deviation of almost 4 Å between alpha carbons. The most dramatic
changes are visible in the amino and carboxy terminus (Figure 1 and

2).

Are there structures of 0-bungarotoxin consistent within

experimental error to both the NMR and the x-ray data? To answer

this question a structure of 0-bungarotoxin was refined with molecular

dynamics (within the GROMOS molecular dynamics simulation

package W.F. van Gunsteren & Berendsen, 1987) simultaneously

against both the x-ray and the NMR data. The potential energy term

function used is:

Etotal = Emm + wrºxray + winFºnmr.

The x-ray refinement term (Exray= Ks■ Xhki■■ Fobs|-| Fcalc }2 where Ksf

is a normalizing force constant) was derived from the differences of
the observed structure factors from the calculated structure factors.

The NMR refinement term (Enmr=1/2KdcIri■ -rijºl” where ri■ ” is the
observed internuclear distance and when the distance falls outside of

the bonds this function constrains it back and when the distance is

within the bounds Enmr=0; Kdc is a normalizing force constant) was

constrained to the distant geometry restraints. The weights, w; and

wn, allow the relative strength of the various energies to be varied.

This type of MD refinement has been used to refine a structure to one

set of data from either NMR or x-ray (Brunger 1988, Nigels et al.
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1988, de Vlieg et al. 1988, de Vlieg et al. 1989, Gros et al. 1990,

Torda et al. 1991) but never before this to two data sets

Simultaneously.

This procedure was performed starting from two structures. The

first was an x-ray structure which had undergone molecular dynamics

refinement to the x-ray data alone to a final residual of 24.4%. The

second was an NMR structure, which came from an envelope of

structures, and was chosen since it had the lowest energy after

molecular dynamics refinement to its data alone. Both of these

structures underwent over 50 picoseconds of refinement varying the

weights of the two added energy terms as well as the temperature.

The hope was that either a structure would converge to be consistent

with both data sets or the increasing distance violations would point to

exactly where the x-ray and the NMR structures differ.

Starting from the x-ray structure we refined the structure with

molecular dynamics against both data sets slowly increasing first the

nmr weight and then the x-ray weight. The initial temperature was

set at 500 K. The temperature was slowly decreased to 300 K for a

total of 45 picoseconds. As is seen in figures 3a) the total energy

increased slowly throughout the simulation as do the weighted x-ray

term (w:Exray) and the weighted nmr term (wn Enmr). This increase

in total energy was due to the increase of the w; and wn constraints

during the simulation. In figure 3b) the Exray term increases
throughout the simulation, even though the crystallographic residual

decreases figure 3d), whereas in figure 3c) the Enmr term decreases

2 12



during the simulation. This implies that the x-ray crystal structure is
not consistent with the nmr distance constraint data.

Starting from the nmr structure we refined the structure with

molecular dynamics against both data sets. During the dynamics run

initially the weights started out high on both x-ray and nmr energies,

then were lowered, and then again slowly slowly raised, first the x-ray

weight and then the nmr weight. The initial temperature was set at

500 K. The temperature was slowly decreased to 350 K for a total of

69 picoseconds. As is seen in figures 4a) the total energy decreases

slowly throughout the simulation as does the weighted x-ray term

(w:xExray) and the weighted nmr term (wn Enmr), however, increases

slowly. In figure 4b) the Exray term decreases throughout the
simulation as does the residual factor decreases figure 4d). The Enmr

term increases during the first 40 picoseconds the simulation and

then levels off, even decreasing slightly. This implies that the nmr

solution structure is not consistent with the x-ray crystallographic

COnStraintS.

Although both simultaneously refined structures of 0-bungarotoxin

changed some from their initial conformation neither changed enough

from their starting conformation to accommodate the other data set

(Table I). After this simultaneous refinement the structures with best

statistics for the x-ray data is the initial x-ray structure and for the

nmr data is the initial nmr structure (Table II). Although refinement

with molecular dynamics has a larger radius of convergence than least

squares refinement, not enough of conformational space has been

sampled to get far away from either starting structure with this
2 13



simultaneous refinement procedure (Figure 5 and 6). What is clear

from this refinement is that neither of the initial structures, solution

or crystal, is consistent with the other's data set. This implies that
the two structures of o-bungarotoxin do vary, and the molecule is

probably flexible, succumbing to such conditions as crystal packing

and changing solvent environments.
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Figure legends:

Figure 1) The crystal structure of o-bungarotoxin. a) ribbon diagram b)

stereo structure with sidechains

Figure 2) One of the family of 2D-NMR structures of o-bungarotoxin.

a) ribbon diagram b) stereo structure with sidechains

Figure 3) The course of the 45 psec MD refinement starting from the

x-ray structure and refining simultaneously to both x-ray and NMR data

(all energies are in kcals). a) shows the total potential energy during

the refinement as well as the components from x-ray (w:xExray) and

nmr(wn Enmr) during the course of the MD trajectory. b) shows Exray

during the course of the MD trajectory. c) shows Enmr alone during

the course of the MD trajectory. d) tracks the crystallographic

residual.

Figure 4) The course of the 67 psec MD refinement starting from the

NMR structure and refining simultaneously to both x-ray and NMR

data (all energies are in kcals). a) shows the total potential energy

during the refinement as well as the components from x-ray (w:xExray)
and nmr(wn Enmr) during the course of the MD trajectory. b) shows

Exray during the course of the MD trajectory. c) shows Enmr alone

during the course of the MD trajectory. d) tracks the crystallographic

residual during the course of the MD trajectory. Note the

discontinuities at 15 psec are due to a loosening of the weights w; and

wnmr to attempt to smooth out the potential energy surface.
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Figure 5) The resulting structure after 45 psec of simulateous

refinement using the crystal structure of 0-bungarotoxin as the

starting structure. a) ribbon diagram b) stereo structure with
Sidechains

Figure 6) The resulting structure after 67 psec of simulateous refinement
using the 2D-NMR structure of 0-bungarotoxin as the starting structure. a)
ribbon diagram b) stereo structure with sidechains
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Table I. deviations between structures

Structure RMS Of CA

x-ray to nmr 3.95 Å

simultaneous refinement
starting with x-ray structure
to initial x-ray 0.80 Å
to initial nmr 4. 10 A

simultaneous refinement
starting with nmr structure

o

to initial x-ray 4.46 A
to initial nmr 1.52 A

(using backbone atoms (N,C,CA) of residues: 1-6, 12-16,21-27,40-49,58-68
for the alignment; these residues define the best defined region by the NMR
data)
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Table II. X-ray and NMR refinement statistics

Structure

initial x-ray
Structure

Simultaneous
refinement
starting with
x-ray structure

initial nmr
Structure

simultaneous
refinement
starting with

r-factor

24.4

25.5

55. 1

In II.] I 26.4

sum of nmr
violations.

325.3A

211.5A

21.5A

97.9A

largest violation

8.5A

9.0Å

2.0A

3.9A
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Figure 3b)
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Figure 3c)
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