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NMR STUDIES OF PROTEINS: ASSIGNMENTS, DYNAMICS, AND

UNFOLDING OF ALPHA-LYTIC PROTEASE, AND SOLUTIONSTRUCTURE

OF OMEGA-CONOTOXINGVIA

JONATHAN HARRY DAVIs

ABSTRACT

o-Lytic protease (o-LP) is a serine protease of the chymotrypsin family,

whose structure/function relationship has been studied extensively by

mutagenesis and crystallography. O-LP requires a pro peptide to fold

completely, and once folded, maintains its extreme stability with a large

kinetic unfolding barrier. Its folding is currently being studied intensively in

the Agard lab. NMR is a powerful tool for studying many characteristics of

biological macromolecules, including structure, dynamics, and folding, and

this dissertation describes NMR studies of o-LP dynamics, folding, and

hydrogen exchange. The complete NMR backbone assignments of the enzyme

and its complex with the inhibitor Ala-Pro-boroVal are described. The

backbone dynamics are studied in detail, using "N relaxation and reduced

spectral density mapping. The results show dynamic activity surrounding the

active site, corresponding to flexible regions seen in multiple crystal

structures. This pattern of dynamics may also reflect the need for the binding
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site to conform to a variety of substrate sequences on either side of the cleaved

position. Most of the slower dynamic processes are stabilized by the inhibitor.

From 'H-4H exchange (HDX) studies, the central core was found to be

exceedingly stable, with little or no exchange even over months at pH 9.0

(protection factor > 10"). HDX experiments performed on AEBSF-inhibited

enzyme under guanidine concentrations ranging from 0 to 2.4 M map out the

regions of the protein that are particularly susceptible to denaturant. The

binding pocket and its surroundings appear to partially unfold in guanidine,

while the opposite face of the molecule undergoes minimal disruption. The

susceptible region matches the tentative binding region of the pro peptide.

These results map out the early pathway of o-LP unfolding in denaturant,

with implications for the mechanisms by which high stability is conferred.

This dissertation first describes two other NMR projects: the high

resolution solution structure of co-conotoxin GVIA (Go-CgTx), which acted as

an NMR training tool; and a refinement of an NMR pulse sequence called

refocused HSQC. Co-CpTx is a small (27 residues) neurotoxin that selectively

binds to N-type calcium channels, important for studies of neuronal calcium

channels.
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INTRODUCTION

o-Lytic protease (o-LP) is a bacterial serine protease (M.W. 19,800 Da) of

the chymotrypsin family, which has been studied in great detail over the last

decade by the Agard lab. It has been an excellent model for structure/function

studies using X-ray crystallography combined with site-directed mutagenesis

(Bone et al., 1991a; Mace et al., 1995; Mace & Agard, 1995) and peptide

inhibitors (Bone et al., 1987; 1989; 1991b). It also was the first example found of

pro-region assisted folding (Silen et al., 1989; Baker et al., 1992), and several

projects are underway in the lab studying the folding of o-LP. A natural

extension of the crystal structure/function studies is the study of the protein

in solution, to examine its solution dynamics and structural changes upon

inhibitor binding. Folding studies also must be performed in solution. Since

NMR is the best technique for determining detailed solution properties of

proteins, I decided to study the folding and dynamics of o-LP, along with

others in the lab. This dissertation describes the assignment process, the

dynamics study, and some hydrogen-deuterium exchange (HDX) experiments

designed to help us understand the early unfolding pathway of the enzyme,

and perhaps some of the sources of its extreme stability.

The initial step in the project described above was the assignment of the

protein NMR spectrum, a very challenging task for a protein this size, and

perhaps a bit too much for a novice NMR spectroscopist. So I first undertook
1



to assign and solve the NMR structure of a much smaller protein, co

conotoxin GVIA (Olivera et al., 1984), which is a neurotoxin produced by the

carnivorous sea snail Conus geographus. In the process I not only determined

an interesting protein structure, among the smallest proteins ever found with

well-defined secondary structure, but also learned first hand the basic

techniques I would need for my main project. The conotoxin project used

primarily "H NMR, but I became well acquainted with the basics of NMR of

proteins, laying the foundation for the heteronuclear techniques necessary for

the assignment of a large protein like o-LP. The conotoxin structure project is

described in Chapter 1.

o-LP has a number of features which make it ideal for a range of

biophysical studies, many of which are best performed in solution. The

structure/function studies pursued by Roger Bone et al (1989; 1991a,b), Jim

Mace et al. (1995), and others have detailed many features of the mechanism

of substrate binding, and the way specificity at the cleavage site is conferred.

When crystal structures of enzyme-inhibitor complexes, each one with a

different peptide inhibitor, are overlaid, certain locations in the enzyme

binding pocket appear to flex in response to contacts with the bound substrate

analog (Bone et al., 1991a). While the multiple crystal structures indicated

possible regions of flexibility, each structure provides only a static picture of

the protein. Relaxation mechanisms in NMR are exquisitely sensitive to

certain kinds of motions (Wagner, 1993), and this fact is exploited by NMR
2



spectroscopists to determine the range and frequency of motion on several

different time scales. Such an approach appeared to be ideal for determining

the extent dynamics plays in the observed flexibility of the substrate binding

pocket. Chapter 5 describes the studies on protein dynamics, on both the

enzyme alone and its complex with a boronic acid substrate mimic.

o-LP requires a pro peptide to fold (Silen et al., 1989) or to refold (Baker et

al., 1992). Although in L. enzymogenes this pro region is N-terminally

adjacent to the mature protease sequence and is post-translationally cleaved,

Silen & Agard (1989) found that it can be produced instead in a separate gene

(in trans), and it still helps o-LP fold. After producing and purifying pro

peptide separately, Baker et al. denatured the mature enzyme, placed it into

renaturing conditions, and waited varying amounts of time before adding

pro. They discovered that o-LP refolded only part way, with no detectable

conversion to the folded form even over a period of months. After addition

of pro, folding completed in a matter of minutes, even after the months-long

incubation sans pro. These results demonstrated that the partially folded

intermediate was quite stable, and was on or close to the folding pathway (due

to the rapidity of refolding when pro was added). From the kinetics and

detection limits, the energy barrier between the intermediate and the mature

protease was calculated to be > 26 Koal. Further experimentation has extended

this number to 29 Kcal, and the barrier height from the mature side appears to

be 26 Koal (Sheila Jaswal, personal communication), leading to the unusual
3



conclusion that in the absence of pro, the intermediate is thermodynamically

more stable than the mature protease. Proteases in general must be highly

resistant to major unfolding transitions and global unfolding, because even a

very brief sojourn in an unfolded state would likely result in the destruction

of the molecule at the hands of its neighbors. Yet to build a sufficiently ‘deep'

thermodynamic well for the native state is a difficult problem. Thus there

may be evolutionary pressure for a protease to have a kinetic trap, rather than

a thermodynamic one, and o-LP appears to have such a system. Such extreme

stability, conferred by a kinetic barrier, should be manifest in a highly stable

core structure, which would thus be extremely resistant to hydrogen

deuterium exchange (HDX). The pattern of exchange protection may well

provide insight into how such extreme stability is generated, and a study of

the exchange properties of the enzyme is described in Chapter 6.

Protection from amide exchange is conferred by burial from solvent

accessibility and by hydrogen bonding in the context of secondary structure

(e.g. Qiwen et al., 1987). In the process of folding, a protein forms increasing

amounts of secondary structure. Therefore, using HDX to observe the

acquisition of protection over the folding pathway may tell us the steps in

folding (Udgaonkar & Baldwin, 1988; Roder et al., 1988). This is a major

project in the Agard lab, currently being pursued by Julie Sohl, Sheila Jaswal,

and Eric Anderson, and is by itself a very good reason to assign the backbone

of the protease. While others are studying the formation of structure during

*
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pro-assisted folding, I have chosen to study the loss of secondary structure

during the partial unfolding experienced under mild denaturing conditions,

in the absence of pro. While the molecule cannot be completely unfolded in

the NMR tube while continuing to obtain useful spectra, partial unfolding

transitions can be observed by monitoring the increasing HDX rate with

increasing guanidine concentration, up to about 2.4 M. Other labs have

performed unfolding experiments in guanidine with proteins that undergo

reversible denaturation (e.g. Mayo & Baldwin, 1993; Bai et al., 1995), but to my

knowledge no studies of this sort have been pursued with a protein that

requires a pro peptide to fold. The unfolding experiments described in

Chapter 7 suggest that the early stages in o-LP unfolding involve a loosening

of the structure on the side containing the binding pocket, and possibly the

separation of the two domains. Further unfolding experiments may help us

understand the structural basis for the extreme stability and folding

cooperativity exhibited by o—LP. Chapters 6 and 7 represent unfinished

projects, but the preliminary data are rather intriguing.

The assignment of o-LP, necessary for all the o-LP studies described

above, is described in Chapter 4. It was a longer, more laborious project than

anticipated, fraught with frustrating technical difficulties, but in the end has

proven to be worth the struggle, not only for the intense education it

provided me in the mysteries of multi-dimensional heteronuclear NMR, but



also for the bountiful harvest of interesting projects that are now possible, of

which only a few are described in this dissertation.
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CHAPTER 1

PREFACE

When I undertook the project of assigning and studying o-lytic protease

(o-LP) by NMR, I knew no practical NMR and had few colleagues who did.

Since o-LP at 20,000 Daltons was at that time substantially larger than any

protein yet assigned, I knew I could not successfully complete such a project

without some practical experience. Vladimir Basus had a perfect learning

project – a conotoxin that was only 27 residues, very stable, and already made.

This project would teach me the techniques of NMR assignment and

structure determination. An added incentive was that co-conotoxin GVIA (go

CgTx) is an important protein in the world of neurobiology, due to its

specificity and binding affinity for N-type neuronal calcium channels, and

some of these channels are identified by the fact that they bind co-CGTX. In the

course of the project I learned all the basic homonuclear NMR structural

techniques, on which I could then build for my main project. At the time this

chapter was submitted for publication, three other groups were finishing up

the same project, and all four were published in the same year.

The work appeared in Biochemistry 32, 7369 (1993), and although there

are many authors, I performed the structural work (with advice from



Vladimir Basus, to whom I am indebted for his excellent teaching throughout

my NMR studies). Erin Bradley was working on a similar molecule and we

worked out many problems together, and the other three authors were

involved in preparing the sample, funding and initiating the project.



CHAPTER 1

SOLUTION STRUCTURE OF GO-CONOTOXINGVIA

USING 2-D NMR SPECTROSCOPY AND

RELAXATION MATRIX ANALYSIS

Keywords: Neurotoxins, Calcium Channels, MARDIGRAS, Conus Geographus



ABSTRACT

We report here the solution structure of co-conotoxin GVIA, a peptide antag

onist of the N-type neuronal voltage-sensitive calcium channel. The structure

was determined using 2-dimensional NMR in combination with distance

geometry and restrained molecular dynamics. The full relaxation matrix analy

sis program MARDIGRAS was used to generate maximum and minimum dis

tance restraints from the crosspeak intensities in NOESY spectra. The 187

restraints obtained were used in conjunction with 23 angle restraints from vici

nal coupling constants as input for the structure calculations. The backbones of

the best 21 structures match with an average pairwise RMSD of 0.58 Ang

stroms. The structures contain a short segment of triple-stranded B-sheet

involving residues 6-8, 18-21, and 24-27, making this the smallest published

peptide structure to contain a triple stranded B-sheet. Conotoxins have been

shown to be effective neuroprotective agents in animal models of brain

ischemia. Our results should aid in the design of novel non-peptide com

pounds with potential therapeutic utility.
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Co-Conotoxins are a subclass of the large family of peptide toxins found in the

venom of fish-hunting sea snails of the genus Conus (Gray et al., 1988). Peptides

from this class bind to certain subtypes of the Ca" channels, and thus are used to

distinguish between these different subtypes (Tsien et al., 1991; Hillyard et al.

1992). Q-Conotoxin GVIA (0-C3Tx)", found in the venom of Conus Geographus,

contains 27 amino acid residues and three disulfide linkages, and has an amidated

acyl-terminus (Olivera, et al., 1984). 0–Cg.Tx binds with high affinity to neuronal

N-type Ca" channels. It thus blocks the Ca" currents across the membrane of

neuronal cell bodies mediated by these channels (McClesky et al., 1987), and

inhibits neurotransmitter release from some presynaptic nerve terminals as well

(Lipscombe et al., 1989). Administration of Go-conotoxins to rats subjected to tem

porary forebrain ischemia has been shown to protect neurons from subsequent

neuronal degeneration (Valentino et al., 1992), presumably by inhibiting N-type

Ca” channels. The three-dimensional structure of co–CgTx reported here will aid

in the design of novel non-peptide compounds with potential therapeutic value

as neuroprotective agents.

* Abbreviations: o–CgTx, co-Conotoxin GVLA; Hyp, hydroxyproline; X, one
letter abbreviation for Hyp; NMR, nuclear magnetic resonance; COSY, correlation
spectroscopy; E. COSY, edited COSY; DQF-COSY, double quantum filtered COSY,
HOHAHA, homonuclear Hartmann-Hahn; NOESY, nuclear Overhauser effect
spectroscopy; DEPT, distortionless enhancement by polarization transfer; DG,
distance geometry; rMD, restrained molecular dynamics; RMSD, root-mean
squared deviation. Standard abbreviations are used for amino acids.

11



We have determined a solution structure of co-conotoxin GVIA by 2-dimen

sional NMR spectroscopy with the aid of distance geometry and restrained

molecular dynamics calculations. The complete relaxation matrix analysis pro

gram MARDIGRAS (Borgias and James, 1989, 1990) was used to convert NOE

data to distance restraints. To date, there have been published NMR structures of

only o- (Pardi et al., 1989; Kobayashi et al., 1989) and p- (Ott et al., 1991; Lancelin

et al., 1991) conotoxins, and no published X-ray structures of any conotoxins. A

preliminary NMR study of Co-CpTx was reported by Kobayashi et al. (1988), but as

it contains no assignments or detailed structural information, we initiated the

independent study reported here.

MATERIALS AND METHODS

Sample Preparation: Co-Conotoxin GVIA was synthesized on a replumbed

ABI Model 430A peptide synthesizer, using standard t-BOC chemistry with some

modifications (Yamashiro & Li, 1988), in the manner previously described for Go

conotoxins MVIIC (Hillyard et al., 1992) and SVIA and SVIB (Ramilo et al., 1992).

The synthetic preparation of Go-CgTx was subjected to amino acid analyses

(described in Ramilo et al., 1992) and the results were consistent with the expected

amino acid composition (data not shown). The authenticity of our synthetic Co

Cg.Tx was also confirmed by comparison to purified, native Go-CgTx (kindly pro

vided by Dr. B. Olivera) and to commercially available synthetic Co-CgTx (Penin

Sula Laboratories, Belmont, CA) using a variety of chemical and biological

methods. In particular, the chromatographic behaviors by HPLC (method
12



described in Ramilo et al., 1992) of all three preparations of Go-CgTx were identical

(data not shown). In addition, the binding affinities of our material and the com

mercial co-CpTx to rat brain synaptosomes (method described in Ramilo et al.,

1992) were the same (data not shown).

NMR Spectroscopy: Samples for NMR contained 400 ml of 10mM protein in

either 99.96% D2O or 93% H2O/7% D2O at pH 4.4. All NMR spectra were col

lected on a GE 500 MHz spectrometer equipped either with a GN console with a

Nicolet computer or an Omega console with a Sun 3/160 computer. A DQF-COSY

spectrum (Rance et al., 1983) was taken at 15° C. HOHAHA spectra with MLEV

17 (Bax and Davis, 1985) were collected at 15°C, and 25°C with a spin-lock time

of 40 ms, and at 5°C with a spin-lock time of 70 ms. NOESY spectra (Jeener et al.,

1979) were obtained at 5°C and 15°C with a 200 ms mixing time. In addition, we

collected an E.COSY spectrum (Griesinger et al., 1985) at 25°C in D2O and one

dimensional spectra at all three temperatures.

Slowly exchanging amide protons were determined by dissolving the sample

in 400 pil of D2O and adjusting the pH to 4.4. The sample was then immediately

placed in the spectrometer at the same depth as a sample of D2O of equal volume

with which we had pre-shimmed the magnet. A 1-D spectrum was obtained

about 20 minutes after the exchange was initiated. A 2-D NOESY spectrum was

then collected to give unambiguous assignments of the non-exchanged protons.

This entire procedure was carried out at 5°C.

13



In order to determine the correlation time to, the "C T1 and T2 relaxation

times were determined at natural abundance, using a sample dissolved in 99.96%

D2O. These experiments were carried out using a double-DEPT technique with

proton detection for maximum sensitivity. For T. we used the double-DEPT with

inversion-recovery (Sklenár et al., 1987), and for T2 we used the double-DEPT

sequence with a Carr-Purcell-Meiboom-Gill modification using a series of 180°

pulses with a repetition rate of 1ms to replace the single 180° refocusing pulse in

the sequence of Nirmala and Wagner (1989). The data were analyzed by fitting to

the proper exponential decay function.

Data Processing: Two-dimensional NMR spectra were processed on Sun

Microsystems Sparc1 workstations, networked through a Sun-4 server and run

ning the UNIX operating system. The software used was originally developed in

the laboratory of Dr. Kaptein at the University of Groningen, The Netherlands.

Many modifications have been made by Dr. R. M. Sheek, Dr. S. Manogaran, and

Mr. M. Day at UCSF. For 2-D spectra, the apodization consisted of gaussian multi

plication in the t2 dimension, and sine squared multiplication with a 70 degree

shift in the t1 dimension, with zero filling in some cases. The typical spectrum size

was 2048 complex points in the t2 dimension, and 512 complex points in ti, zero

filled to 1024 points. Spectral widths were 6024 Hz, for a final resolution of 3 Hz in

t2 and 6 Hz in ti. One-dimensional spectra consisted of 16K complex points.

Quadrature detection in the t1 dimension was achieved by the method of States et

al. (1982) in NOESY and HOHAHA spectra, and by TPPI (Marion & Wüthrich,
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1983) in COSY spectra. For coupling constant determination, 1-D spectra were

apodized by application of a Lorenzian-to-Gaussian transformation in order to

enhance the resolution. This apodization function was applied several times until

the individual peaks of each multiplet were clearly resolved, while preserving

enough signal-to-noise to clearly determine the resonance positions. Peak vol

umes were obtained either by summing up the points within a manually selected

rectangular area surrounding the crosspeak, or, in case of overlap, by fitting the

region to be integrated with a collection of Lorentzian lines to best represent the

data, using the Sparky program developed at UCSF (Kneller and Kuntz, 1993).

Restraints from MARDIGRAS: Distance restraints were calculated from

experimental NOESY intensities using the program MARDIGRAS (Borgias &

James, 1989, 1990). MARDIGRAS uses the complete relaxation matrix to produce

an upper and lower distance bound for each experimental intensity. Because it

was designed to take spin-diffusion into account, MARDIGRAS eliminates the

need to collect NOESY spectra at more than one mixing time. Therefore all our

data were obtained from NOESY spectra with 200 ms mixing times. Methyl

groups, 6 and e pairs in the tyrosine rings, and non-distinguishable methylene

pairs were treated as pseudo-atoms by MARDIGRAS, with the resulting distances

to the geometrical center of the proton group. For use in DG and MD calculations,

these pseudo-atom distances were converted into distances to the nearest heteroa

tom, and the upper and lower bounds increased and decreased respectively by

the distance between the pseudo-atom location and the nucleus of the heteroa

**
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tom. Non-stereospecifically assigned methylene protons distinguishable by chem

ical shift were treated individually by MARDIGRAS, but for use in calculations, a

restraint to a methylene proton was converted into a restraint to the attached car

bon atom, with 1 Å added to the upper bound and 1 A subtracted from the lower

bound. The exception to this conversion was when there were restraints between

each of the protons of the methylene pair and another proton; in these cases the

largest upper bound and smallest lower bound were used for both restraints.

Distance Restraints from Dihedral Angle Constraints: The distance geome

try program used in this study cannot accept dihedral angle constraints, and

many other studies do not include such constraints for DG structure calculation.

We have developed a simple method of converting 4 or x' dihedral angle con

straints into distance restraints usable by DG. When a bond is rotated, there is a

certain set of distances between pairs of atoms that vary in a sinusoidal manner,

and that are fixed in the absence of bond rotation. Our method places upper and

lower bounds on three of these interatomic distances to uniquely define an

allowed range for a torsional angle. The three atom pairs are chosen so that for

any angle constraint, as large as possible a distance penalty is incurred when an

angle falls outside its allowed range. The distances between all relevant atom

pairs were derived by rotating the bond on an amino acid model with standard

geometry. To constrain a x' angle, we chose the intra-residue atom pairs H32 to C,

H£3 to C, and HB3 to N. By limiting these three distances to those found at the

limits of the desired range around the x' angle (we used £40° from the ideal stag
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gered conformation), the bond is allowed to rotate freely within the range, but

outside the range the amount of violation of at least one distance is rapidly

increasing as the violation of the angle increases. The same approach was used for

the angle; in a residue n, to constrain b, we used the three inter-residue distances

between the On-1 and Cn, Ho, and C3a.

Structure Calculations: Distance geometry calculations were performed on

the Cray Y-MP at the San Diego Supercomputer Center using the distance geome

try program VEMBED (Kuntz et al., 1989), a vectorized version of EMBED (Havel

et al., 1979). Restrained molecular dynamics calculations (rMD) and energy mini

mizations were carried out with the GROMOS-87 programs (van Gunsteren et al.,

1983) using Sun Sparc2 workstations. The 37D4 force field was used, and all the

calculations were performed in vacuo with all charged groups neutralized, using

the SHAKE algorithm (van Gunsteren and Berendsen, 1987) to keep all bond

lengths constant. The distance restraint constant Kdis was increased linearly from

0.6 to 10 kcal mol'A' in the first 3 ps, while the temperature was kept at 600 K,

followed by 2ps at 600 K with Kais = 10 kcal mol'A'. The time-constant tº for

coupling to the thermal bath was set to 0.2 ps for the first 5ps of the rMD runs

and 2 ps for the next 6 ps where the temperature was allowed to drop (final tem

perature setting 0 K). The long time constant helps the structures to avoid getting

trapped in local minima as the temperature is lowered in the annealing phase of

the rMD calculations (Gippert et al., 1990). At the end of the 11 ps run, the final

temperatures found were in the range of 200-300 K. These final structures were
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then energy minimized including a Kais = 10 kcal mol'A'. The refinement of a

single structure used two hours of CPU time on a Sparc2 workstation.

Evaluation Methods: There are many ways to evaluate the quality of an NMR

structure. We evaluate the structure of Go-CgTx using some of the standard meth

ods, such as measuring the RMSD of the matched structures” and listing the viola

tions of the input distance restraints. However, the structure of a protein

backbone is fully defined by its dihedral angles, and some of these angles can be

evaluated both for their fit to the accepted allowed ranges and for their match to

the data and to each other. The first of these criteria is measured by a Ramachan

dran plot, which shows how well the b/w angles fall into the allowed regions. To

evaluate the fit of the final structures to the data, the expected “JHNo coupling con

stant is calculated from the angle of a given amino acid, and this is compared to

the measured coupling constant.

The amount of variation among the structures can be measured by an order

parameter So (Hyberts, et al., 1992) that indicates the homogeneity of a dihedral

* We use two methods of evaluating the RMSD: the first is pairwise, where
each pair of structures is matched and its RMSD calculated, then the average
taken over all pairs. The second is RMSD from the average, where for each nucleus
an average position is calculated, and then the RMS deviation from that position
is calculated. The second method is used primarily when the matching takes
place over a different portion of the molecule than does the RMSD measurement.
In general, when examining the whole molecule with both methods, pairwise
RMSD values are about 50% higher than RMSD from the average. Some authors
prefer to use RMSD from the average for all evaluations, and their numbers are
correspondingly lower.
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angle 0 (Eqn. 1.1).

1 N 2 N 2N 1/2Equation 1.1 F – -

quatl So | X. º '■ X. •) |
j = 1 j = 1

Here, 0, is a particular dihedral angle 0 from the jth structure out of N structures.
So is calculated for that particular angle only; the value of S for a single amino

acid's backbone would be the average of S, and S, S is functionally equivalent to

the length of the vector resulting from the addition of the unit vectors represent

ing the dihedral angles, divided by the number of vectors that were summed.

RESULTS

Identification of Spin Systems: The first step in NMR structural analysis is

assignment of the NMR spectrum. We used the methods of spin-system identifi

cation and sequential linking developed by Wüthrich and co-workers (Wüthrich,

1986). In the sequence of 0–Cg.Tx, certain residue types have chemical shift pat

terns in the COSY and HOHAHA spectra that allow immediate identification,

while others must await sequential assignment. The most easily identified amino

acids were the glycine, the hydroxyprolines, the threonines, and the four basic

residues. The assignment of these residues was straightforward, with two excep

tions; in one of the threonines (T23) Ho and HB have the same chemical shift, so

there appears to be a COSY crosspeak between the methyl and the Ho. This mim
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ics the spin system appearance of Ala; since there is no Ala in 60–CgTx, the degen

eracy was immediately identified. And determining the spin system of Hyp-21

was complicated by the o and Y protons having the same chemical shift. Only

after the Cô protons were positively identified by NOE pattern could we be sure

of the assignments. The lysine and arginine residues were fully assigned, and the

characteristic patterns of crosspeaks were found in the COSY and in the

HOHAHA spectra.

The other 17 residues all have AMX backbone spin systems (Wüthrich, 1986),

and so could not be identified from only the COSY and HOHAHA spectra. From

the NOESY spectrum, tyrosines were identified by the presence of crosspeaks

between 3 and 6 protons, and asparagine residues identified by crosspeaks

between 3 protons and side-chain NH2 groups. The remaining NH2, present in

the HOHAHA and COSY, was assigned to the amidated carboxy-terminus of the

protein. The six serines and the six cysteines were not distinguishable until

sequentially assigned.

The initial assignments were from a set of H2O spectra at 15° C. Water presat

uration supressed the Ho resonances around 4.95 ppm, so at first we had fewer

than the expected 23 amide spin systems. Spectra at 25°C and 5°C were used to

find the missing peaks. Table I shows the assignments of Go-CgTx at 15°C, with

adjustments indicating the change in the chemical shift with a 10° decrease in the

temperature.
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Figure 1: Sequential connectivities generated from NOE peaks. The intensity
of the connection is indicated by the height of the box. Open squares indicate that
an NOE peak was present, but the intensity could not be resolved due to overlap.
Brackets above the sequence show the disulfide bonding pattern. “For Hyp resi
dues the 6-carbon protons were used in lieu of the amide proton.
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Sequential Assignment: Residues are sequentially linked by NOESY cross

peaks, mostly from HNi, Hoi, and HB, to HN;11. In Hyp residues we used HC6

protons in lieu of HN. Figure 1 shows the connectivities observed in co-CpTx.

Connectivities are categorized as strong and weak, and the height of the bars indi

cates the strength. In cases of severe overlap, an open bar indicates that there is a

peak in the expected location, but no strength category should be inferred, since

there could be other contributions to the integration.

The sequences T11-N20 and Y22-Y27 were assigned first, as the majority of

residues in those sections are of identifiable type, and so sequential assignment

proceeded with great confidence. Starting with G5, the next four residues are all

Ser or Cys, but there are strong Hoi - HNirl NOEs, so again there was no problem

with the assignments. C1 was assigned as the AMX spin system that did not have

an amide proton, and residues 1-3 were sequentially assigned. The C-terminal

NH2 was confirmed by the presence of strong NOEs to several resonances of Y27.

Finally, we identified sequential NOEs to the HB and HCô protons of the Hyp res

idues, completing the assignment of the protein. Table I lists the complete assign

mentS.

Table I (Next Page): “Chemical shifts are relative to internal TSP at 15° C. "Num
square brackets indicate the change in chemical shift for a 10° drop in
temperature, in units of 0.01 R. * Assignments in parentheses are notº assigned. “Nomenclature of amidated C-terminus. H1 is cis tothe carbonyl O, H2 is trans.



Table I

Residue HN Ho HB2 HB3 Others
Cys-1 4.57 3.04 3.25
Lys-2 9.44 [+5]” 4.65 1.87 1.94 HY (145,154); H8 (1.67,1,61); He 3.00;
Ser-3 9.01 [+6] 4.55 (4.01)
Hyp-4 4.22 2.13 2.45 Hy 4.73; HOS 6.7 [+11]; HC823.83;

HC63 3.86

Gly-5 9.29 [+4] (4.54,
3.66)

Ser-6 7.72 [+1] 4.50 (3.94 3.86)
Ser-7 8.92 [+5] 4.75 (3.91)
Cys-8 8.40 [+1] 4.97 3.10 2.98
Ser-9 8.41■ +10] 4.93 (4.02 3.73)
Hyp-10 4.44 2.10 2.38 Hy 4.58; HC823.65; HC634.04
Thr-11 7.63 [+3] 4.12 4.49 YCH3 1.15
Ser-12 7.52 [0] 4.40 (3.86)
Tyr-13 8.13 [+2] 4.51 2.95 3.29 Hö 7.09; He 6.85
Asn-14 8.28 [+3] 4.91 (3.03 2.74) 6NH2 (7.58 [+5], 7.03 [+7])
Cys-15 8.74 [+5] 4.67 2.46 3.02
Cys-16 9.51 [+3] 4.56 2.80 3.26
Arg-17 8.40 [+3] 4.62 1.71 2.04 HY (1.69, 1.55); Hö (3.18, 3.09);

He 7.22 [+1]
Ser-18 7.22 [+1] 4.62 (4.04)
Cys-19 8.89 [+6] 4.80 2.97 2.80
Asn-20 7.93 [+1] 4.55 1.28 3.50 6NH2 (7.49 [+6], 6.80 [+5])

[-8] [-2]
Hyp-21 4.32 (2.25 1.72) Hy 4.32; HC6 (4.51, 3.94)
Tyr-22 8.35 [+3] 4.41 (3.16) Hö 7.29; He 6.90
Thr-23 7.10 [0] 4.25 4.25 YCH3 1.17
Lys-24 8.57 [+1] 3.64 2.07 2.37 Hy (1.33); H8 (1.72,165); He 3.04;

cNH3 7.57
Arg-25 7.33 [0] 5.26 1.48 1.30 Hy (1.64, 1.39); Hö (3.16); He 7.20 [+2]
Cys-26 9.26 [+1] 4.95 2.81 3.68
Tyr-27 9.32 [+1] 4.48 2.87 3.18 Hö 7.31; He 6.87
NH2 H1° 7.47 [+7]; H28.14 [+7]
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Calculation of te: The rotational correlation time to was measured using natu

ral abundance "C-proton Ti and T, measurements as described in the experimen

tal section. Since these measurements were made with indirect detection, the only

carbon whose relaxation times could be measured individually was the o-carbon

of Arg-25, whose attached proton is the only one completely resolved from all

other proton resonances. Measurements were also made for the carbons whose

attached protons overlapped at 4.3 ppm. The results for these two different proton

chemical shifts were the same within the experimental error, with T1 = 0.24 +0.04

sec and T2 = 0.16+0.03 sec. These values yield an estimate for the correlation time

te equal to 1.1 + 0.5 ns, based on a pure dipole-dipole relaxation mechanism dom

inated by the directly attached proton. The contribution to the relaxation times

from the chemical shift anisotropy mechanism can be estimated based on the

parameters obtained by Norton et al. (1977) for the o-protons of proteins. These

contributions were about two orders of magnitude longer than the observed T1

and T2 relaxation times, so it is a reasonable assumption to consider only the

dipole-dipole mechanism.

Distance Restraints: The volume integrals obtained from the NOESY spectra

were used to generate distance restraints with the aid of the program MARDI

GRAS (Borgias and James, 1989, 1990). This program analyzes the complete NOE

relaxation matrix to generate upper and lower bound distance restraints. Since

MARDIGRAS results are quite sensitive to the estimated correlation time, we ran

the program with three different input correlation times ranging from 0.6 ns to 1.6
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ns, in order to cover the range calculated from relaxation measurements. Each

NMR restraint was given a upper and lower bound by MARDIGRAS, and we

took for each final restraint the maximum upper and minimum lower bound from

all runs, thus decreasing the probability that the bounds were overly tight or

incorrect due to an error in the correlation time. MARDIGRAS requires a starting

structural model, which it uses to supply distances where there are missing NOEs

in the data. It has been shown (Thomas et al., 1991) that the distances obtained by

MARDIGRAS are not very sensitive to the starting model, so for the initial set of

distance restraints we used an extended chain, and the restraints produced by the

program were good enough to generate a family of reasonable starting structures.

These initial calculations used only those NOESY crosspeaks that had unambigu

ous assignments. For subsequent calculations, we used as starting structural mod

els each of the structures obtained from the most recent refinement.

MARDIGRAS calculates each restraint individually, so there is not a uniform

range to the bounds. But to give some idea of what MARDIGRAS restraints look

like, we present several examples (for reference, a fixed-distance pair of 3-methyl

enes has intensity 700): R25 HN-K24 HN, a very strong NOE with intensity 120,

has distance bounds of 2.75+0.25 Å; R25 HN - N20 HN, a medium-strong NOE

with intensity 64, has bounds of 3.1+0.3 Å; K24 HA-C8HN, a weaker NOE with

intensity 9, has bounds of 3.95+0.75 Å; and R25 HA-S7 HN, a weak NOE of

intensity 3.5, has bounds of 4.6+0.4 Å. The complete table of restraints has been

s
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deposited in the Brookhaven Protein Data Bank, along with the coordinates of the

final structures.

Stereospecific Assignments: A protein solution structure benefits greatly

from the stereospecific assignment of as many methylene protons as possible

(Güntert et al., 1989). B-methylene protons can be stereospecifically assigned from

a combination of the X' angle coupling constant and NOE-derived distances

between the 3 protons and the intra-residue amide proton (Wagner et al., 1987;

Basus, 1989). In difficult cases, distances to neighboring residues can provide the

needed information. To make initial assignments we used an extension of the

method of Wagner et al. (1987) that includes the MARDIGRAS distance restraints

(upper and lower bounds) and the “JHNo value. In this method, we calculated

expected HB to HN distances (assuming staggered geometry) for each rotamer

position that was consistent with the coupling data, given the possible b angles

calculated from “JHNo. These expected distances were compared to the upper and

lower bounds generated by MARDIGRAS, and an assignment was made if a con

sistent and unique pattern was seen. Subsequently, other data such as sequential

NOEs were used to confirm the Y' rotamers.
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1-D spectra provided the "JHNg values (see Table II) as described in the meth

ods section. We measured the “JHNo coupling constants for 15 of the residues from

the 15° spectrum. Four of the amide protons that are overlapped at 15° could be

measured in the 25° or 5° spectrum, due to the differences in temperature depen

dence of the HN chemical shifts (see Table I). To confirm that measurements taken

at different temperatures can be combined, we compared the splitting of several

amides that are measurable in all three spectra, and the values agreed to within

10%. Since the “JHN, coupling constant is dependent on structure, the observation

that these values remain essentially the same over a 20° temperature range

increases our confidence that the structure remains the same, and therefore that

data from spectra at different temperatures within that range can be combined.

To determine the x' angles, we used an E. COSY spectrum, taken at 25°C to

decrease linewidth and maximize resolution. We measured the o/3 coupling con

stants from the passive coupling in the crosspeaks. Stereospecific assignments

and x' rotamer values were determined for 13 of the 27 residues in Co-CpTx (see

Table II (Previous Page): "Structural data from the 21 best structures. "We us
X as the one-letter abbr. for Hydroxyproline. “Order parameter So of preceding
dihedral angle (see eqn, 1.1) (Hyberts et al., 1992). * * of S12 and p of Y13 are
found in two distinct conformations with mean values for the ‘P/CD pair of (-29°,
47°) and (84°, -77°). Within each conformational group the Sparameter values are
near 1.0. “Entries indicate the rotamers that were determined from coupling
constant and NOE data. Nomenclature taken from Wüthrich (1986)./Residue
containing the carbonyl oxygen that accepts the hydrogen bond from the residue
in the current column. * Unknown H-bond acceptor, but we speculate it may be O.
of N20, see Figure 2a. "Average energy in kcals of hydrogen bond, averaged
among all structures where hydrogen bond was formed (hydrogen bond is formed
when energys -0.5 kcal). Evaluated by program DSSP (see text). 'Number of
structures in which the hydrogen bond energy was below the cutoff energy.
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Table II). In addition, Hyp-4 and Hyp-10 were stereospecifically assigned on the

basis of intra-residue NOE data and coupling constants. For Ser-6 and Ser-9 the

o/B coupling constants were not consistent with any of the three possible rotamer

conformations, indicating motional averaging. The other 4 serine residues and

Tyr-22 have degenerate 3 chemical shifts, so nothing can be concluded about their

orientation.

Structure Determination: The structure of Go-CpTx was determined using dis

tance geometry (DG) to calculate initial structures, and restrained molecular

dynamics (rMD) to refine the structures. If a substantial number of restraints were

added or changed after a rMD run, the new restraints list was given to DG, and a

new set of structures was calculated and refined. New restraints were obtained by

eliminating all but one possible assignment for the observed NOESY crosspeaks

that had multiple assignment possibilities due to resonance overlap, based on the

distances found in the previous set of calculated structures.

For the DG calculations, disulfide bonds were defined by a set of distances

between each Sy and the partner's Sy and HBs. We used the disulfide pairing pat

tern C1-C16, C8-C19, and C15-C26, as first determined for Go-CpTx by Nishiuchi,

et al. (1986) and confirmed specifically for the synthetic material employed in this

study using a series of specific enzymatic cleavages, HPLC purification of the

products, and amino acid analysis and/or amino acid sequencing (D. Chung, S.

Gaur, J. Bell, L. Nadasdi, and J. Ramachandran, unpublished results). The disul

fide constraints were combined with the initial MARDIGRAS distance restraints
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into a file which was input for DG to generate 20 starting structures. 14 of these 20

were kept, and the remaining 6 were discarded because they had the mirror

image global fold. The incorrect structures were recognizable because they were

in the minority and had much higher final energy values than the group of cor

rectly folded structures. We then refined the 14 structures with rMD. Early

attempts with the rMD calculations produced problems in the regions involving

the disulfide linkages, so we developed a protocol of running rMD twice on each

structure; for the first run we included no disulfides, and used a restraint of 5A

between the sulfur atoms of each disulfide pair. For the second run we removed

that restraint and included the normal disulfide linkage in MD. The purpose was

to allow MD to overcome some of the high barriers that may have existed when

the sulfur atoms were bonded to form the disulfide linkages. rMD refinement

resulted in a set of structures with lower final energies, and a pairwise RMSD

value of the backbone heavy atoms of 25Å.

With initial structures in hand, we could then assign NOESY peaks where

there were originally at least two possible assignments. In most cases the correct

assignment became obvious when the possibilities were compared to the struc

ture. We added the volume integrals for the newly assigned crosspeaks to the

original peak list and then ran MARDIGRAS again to calculate a second genera

tion list of restraints. This time instead of an extended chain for the starting struc

ture, we had the 14 structures from the previous round, but we had no way of

choosing one structure as better than another, so we ran MARDIGRAS42 times,
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14 starting structures at each of the three te values used before. For each restraint,

from the 42 possibilities the highest and lowest distances were selected to become

the upper and lower bounds.

For the final refinement, we added to the restraints file all usable torsional

angles obtained from vicinal coupling constants, and we removed all NOE

restraints that became redundant due to the coupling constant data. “JHN, cou

pling constants were converted to 4 angle constraints according to the following

rules: if “JHN, <5.5 Hz, then we constrained 4 to the range -90° & 4 × -40°, and if

10.0Hz > *Jºint, 28.5Hz, then the range was -160° & © 3-80° (Pardiet. al., 1984). Five

residues with "JHNo s 5.5 Hz, and three with "JHNo. 28.5 Hz. were constrained by

these rules. (Three other residues that fell into one of these categories were not

constrained, but their angles after refinement agreed with their “JHNo, as shown

in Figure 6).The 13 x' angles whose orientations had been determined were con

strained such that there was no penalty for deviation of +40° from the ideal rota

mer position (x) = +60°, -60°, or +180°). Furthermore, we included the

stereospecific assignments, and with these new constraints we generated 38 DG

structures, of which the best 21 were chosen. These were refined with rMD as

before, and the pairwise RMSD of the backbone atoms was 0.93A. The number of

substantial distance violations was reduced from the earlier structures, but there

were still some restraints that were violated in most or all structures by >0.5A. We

carefully examined all restraints that were violated in many structures, and found

two that were determined to be noise, and two others whose assignments were
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still ambiguous. These four restraints were removed from the file. There were two

restraints whose upper bounds were violated in all structures, and whose MAR

DIGRAS maximum distances were around 4.0 Å. These peaks were small in a

NOESY with a 200ms mixing time, and since it is common procedure to give a

maximum distance of 5.5 Å for such crosspeaks, we loosened these restraints

accordingly.

The already refined structures were then refined once more with the final

restraints file, using a single run of rMD (including disulfides). This set of struc

tures had an average pairwise backbone RMSD of 0.58A and the RMSD for all

heavy atoms was 1.46A. The number of violations was low, and there were no

upper bound violations of over 0.5A in the entire set of structures (see Table III).

At this point we felt the structural refinement was complete.

DISCUSSION AND EVALUATION OF STRUCTURE

Hydrogen Bonds: The hydrogen exchange experiment identified seven

slowly exchanging protons in the structure, and these were examined to find

likely bonding partners. The final structures were also examined for potential

hydrogen bonds whose donors were not found to be slowly exchanging. We used

the program DSSP (Kabsch & Sander, 1983) to determine hydrogen bonding part

mers. DSSP evaluates the energy of the bond, so there is not a specific distance or

angle cutoff, but instead an energy cutoff. In addition, the energy value gives a

good indication of the strength of the bond. Kabsch and Sander have scaled the

à
º

sssssº->

32



Average Average
Number of Number of

Violation Range Upper Lower
Bound Bound
Violations” Violations"

Violation > 0.5A 0 0.10

0.5A > Violation > 0.4 Å. 0.24 0.10

0.4A 2 Violation > 0.3 Å 0.71 0.29

0.3A 2 Violation > 0.2 Å 1.9 1.3

0.2A 2 Violation > 0.1 Å 7.0 5.8

Table III: “Violations of the restraints used in the structure calculations of the

best 21 structures." Average number of violations per structure for the ranges
given. “ MARDIGRAS provides lower bounds for each restraint. Violations occur
when the distance is less than this lower bound.

calculations such that ideal hydrogen bond geometry results in an energy of -3.0

kcal/mole. They also suggest a maximum energy cutoff of -0.5 kcal/mole, above

which a hydrogen bond does not exist. We used these criteria to identify eight

unambiguous hydrogen bonds that were formed in at least 20 of the 21 refined

structures, and that had average energies of 3-2.0 kcal/mole. Four of these

hydrogen bonds involved slowly-exchanging amides. Two more slowly exchang

ing amides, K24 and R25, form hydrogen bonds to the carbonyl of N20 in all

structures, indicating a bifurcated hydrogen bond. The energy of these bonds is

higher than-2.0 kcal/mole, which is not unexpected in a bifurcated bond. Several
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other potential hydrogen bonds were found in nine or more structures. S12 (HN)

to S9 (O) stabilizes the turn at that location, and is formed in 18 structures. A

hydrogen bond between S18 (HN) and C15 (O) is present in only nine structures,

and the structural implications of this feature are discussed below.

The other slowly exchanging amide proton belongs to T23, and it does not

have an unambiguous acceptor. One possibility is that it is hydrogen bonded to

the 6 carbonyl oxygen of N20, which is oriented approximately correctly. How

ever, the average distance is 3.28 A, which does not indicate a strong hydrogen

bond. The proposed hydrogen bond network for the central portion of the mole

cule is shown in Figure 2a, and the pairings and energies are summarized in Table

II.

Structural Features: (0–Cg.Tx has an anti-parallel triple-stranded B-sheet of

classification +2x, -1 (Richardson, 1981) as shown in Figure 2b. The B-sheet is its

best-defined region, though the molecule has a well-defined backbone over its

entire length, as can be seen from the overlay of structures in Figure 3. The largest

portion of the B-sheet is from S18 to the C-terminal Y27, connected by a hairpin

turn from Hyp-21 to K24. A third, short piece of 3 strand between S6 and C8 is

hydrogen bonded to K24 through C26, making Co-CpTx the smallest known pro

tein with a triple-stranded B-sheet. When the structures are matched to the back

bones of residues 18-27, the backbone RMSD (from the average) of the residues in

the sheet is 0.28 A (see Figure 4a).
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Figure 2: Diagrams of the structure of Go-Cg.Tx. A) A depiction of the consensus

hydrogen bond network. Only the central portion of the molecule is shown. Note

that the HN of S18 is shown rotated in, making the hydrogen bond with C15. In

some of the structures, the HN of S18 is rotated away from the turn (see Figure

4c). Although only speculated, the hydrogen bond between HN of T23 and C61 of

N20 is also indicated. B) Jane Richardson (1981) diagram of the secondary struc

ture of Co-CpTx. The backbone is shown as either coil or B-sheet, and disulfide

bonds are represented by small balls and dark sticks. Labeled large balls are o

carbons to serve as signposts; the terminal residues are black.
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| 5 GLY

UCSF Midas Plus

Figure 3: Stereo view of the backbones of the best 21 structures of Go-CgTx,
superimposed so as to minimize the pairwise RMSD. Cys side-chains are shown,
and disulfides indicated by dashed lines.

Next Page —-

Figure 4: Various portions of the molecule; in each case the matching was only
over the portion of the backbone pictured. However, RMSDs reported here are
the backbone RMSDs from the average from globally matched structures,
averaged over all residues shown in fragment. Proposed hydrogen bonds are
indicated by a dashed line. A) B-sheet portion: S18-Y27 and S6-C8; RMSD os
0.34 Å. B) Type-II turn: S3-S6, RMSD is 0.31 Å. C) Type-I or -VIII turn: C15-S18;
RMSD is 0.35 A.D) Hydrogen bond network at N-terminal stretch: RMSD is
0.38 A.
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We examined the structure to identify turns, using the definition that a turn

exists where two Co.'s are separated by two residues and less than 7 A (Lewis et

al., 1973). Candidates were then classified according to published definitions

(Richardson, 1981; Wilmot & Thornton, 1990). There is a hairpin turn between

Hyp-21 and Lys-24, with Ö/\!, dihedral pattern oro RYROL. Sibanda et al. (1989)

classify this pattern as a 4:4 turn. Position 4 is a Lys, not the preferred Gly, but its

Ö/y is in the small ol region that mimics the conformation that would be found in

a 4th position Gly. S3 to S6 form a type II turn in all structures, held together by a

hydrogen bond between those two residues. The glycine in position 3 of the turn

is common for a type II turn, and this Gly (G5) is conserved in all known co-cono

toxins (Hillyard et al., 1989, Gray et al., 1988), leading to the possibility that the

turn also is conserved among co-conotoxins.

Two turns were found in the stretch from S9 to S18; S9 to S12 forms a type I

turn, with the hydrogen bond between 9 and 12 formed in 17 of the 21 structures

(see Figure 4b). Between C15 and S18 there is a turn, but its classification varies

among the structures, due to the broad distribution of the angles of S18. In 9 of

the structures a hydrogen bond is formed between HN of S18 and O of C15, and

the turn is a type I. However, in the remaining structures, the b angle of S18 is pos

itive and the HN is rotated out of hydrogen bonding-distance (see Figure 4c). In

these conformations the turn is classified as the somewhat unusual type VIII, as

recently defined by Wilmot &Thornton (1990). We are presently unable to deter
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mine whether this ambiguity is due to multiple conformations or to a lack of

restraints on the backbone.

Both termini are well defined in all structures. This is not surprising, given the

presence of disulfide bonds constraining the ends. Figure 4d shows the hydrogen

bonding pattern between the N-terminal portion and the stretch between N14

and C16, where there are two hydrogen bonds in the absence of recognizable sec

ondary structure. The 6 hydroxyl proton of Hyp-4 is exchanging slowly enough to

be seen in the 5° and 15° HOHAHA and NOESY spectra, and has NOEs to several

protons on Y27 and the C-terminal NH2. The slow exchange implies a hydrogen

bond, and the likely acceptor is the carbonyl oxygen of Y27. However, this hydro

gen bond is not formed in the structures reported in this paper, as the average dis

tance between Hö1 of Hyp-4 and O of Y27 is 3.67 Å. The loop between Cys-8 and

Asn-14 is the generally least well-defined region, but it is still well ordered, with a

backbone RMSD from the average of 0.55 Å, when calculated from structures that
were matched over the entire backbone.

Examination of the orientation of the side chains, by looking at the Jop cou

pling constants, showed that all the longer side chains have well-defined X'

angles, with the exception of Y22, which is on the outside of a turn. This implies

that the locations of the positively-charged groups and two of the tyrosine

hydroxyls are at least somewhat constrained, which may have implications for

the function of the molecule. One particular feature is Tyr-27, which is oriented so

that the ring extends back up over the B-sheet. H32 of N20 is shifted about 2 ppm
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upfield from its expected chemical shift, and it appears to sit under the ring of

Y27. All the Serines could be rotating freely, either from the evidence of their aver

aging coupling constants or from the fact that their HB chemical shifts are degen

erate. Table II shows the average X' angles for all the residues, and the order

parameter S (Equation 1.1) indicates the homogeneity of the angle among the 21

final structures.

Evaluation of Structure: Kobayashi et al. (1988) have reported preliminary

NMR structural studies on 60-C2 IX. Their report contains no NOE, structural, or

assignment data that we can use to compare their structure to ours. There is a rib

bon diagram (not in stereo) that gives an indication of the topology of their struc

ture. We have carefully examined the diagram, and it appears that the B-sheet is

not formed, and several other prominent features are missing (e.g. the loop from

S3 to S6). However, in the absence of more data it is impossible to quantitatively

discuss their work in relation to ours. Since to our knowledge this is their only

publication concerning Go-CºIx, we will make no further comparisons to their

work.

Evaluation in the manner outlined in Methods (vide supra) indicates that the

structure for Go-CpTx reported here is substantially correct. The average pairwise

RMSD of the backbone of the whole molecule among the 21 best structures is 0.58

A, and the RMSD including all the heavy atoms is 1.46 A. An examination of the

RMSD from the average of each individual residue, when the backbones are

matched globally, shows no stretch with particularly high RMSD (see Figure 5).
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Figure 5: Backbone variability by residue. Top: RMS deviation. The solid
bars rising from the horizontal indicate the RMSD of the backbone atoms for
each residue, and the shaded bars indicate the RMSD of all heavy atoms. All
RMSDs are from the average of globally-matched structures. The shaded bars
include the length of the solid bars underneath. Bottom: Order parameter S.
The descending bars show the order parameters S of the 4 (solid bars) and y
(shaded bars) angles, 0 = randomly distributed, and 1 = perfectly aligned (see
Eqn. 1).
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The loop between S9 and N14 is the most disordered stretch of backbone, and the

side chain of Tyr-22 is not constrained. The violations of NOE restraints are shown

in Table III. The paucity of large violations indicates a good fit between the data

and the structures. The average violation of one upper bound restraint is > 0.2 A,
and all others are « 0.12 A.

There is a close correlation between the observed “JHNo coupling constants

and the expected values based on the angles found in the structures, as shown

in Figure 6. Of the 19 coupling constants measured, only 8 were used to generate

restraints for structural determination (shown as open triangles or squares). These

8 are at the extreme limits, where a single range of angles can be confidently pre

dicted. Thus the fact that the remaining 11 measured values also correspond rea

sonably well to the angles of the refined structures improves our confidence in

the reliability of the structures. In addition, two coupling constant values at the

upper extreme (> 8.5 Hz) and one in the lower range (<5.5 Hz.) (open circles in

Figure 6), which should have been converted to angle constraints, were inadvert

ently omitted from the restraints file, yet their angles in the structures agree with

those predicted from the measured coupling constants. The data for Y13 has been

split into two points (solid triangles) in Figure 6, because that p angle (and the ‘P

of S12) has two distinct conformers (8 with positive q), and 13 with negative).

Instead of calculating a fairly meaningless mean and standard deviation for the

entire set of 21 structures, we have treated the two conformers separately, and the

data points reflect this division. Both conformers are consistent with "JHNo data.
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Figure 6: Plot of “JHNo coupling constant vs. 4 angle. Line is calculated
from the equation proposed by Wüthrich (1986): "JHNo = 6.4cosº. — 1.4cosó” +
1.9, where 5’ = b - 60°. Data points indicate the mean values of the angles
among the 21 structures, for all 19 residues for which coupling constants were
measured and unambiguous. The error bars show one o from the mean Ó
angle value. Open triangles represent torsional angles that were constrained to
-160°s <-80°. Open squares represent torsional angles that were constrained
to

-90°s < -40° (See Methods). Open circles were not constrained in rMD (see
text). Solid triangles are the two conformations of Y13, treated independently.
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A comparison of the order parameter S with the RMSD data (see Figure 5)

highlights an interesting observation that reflects upon the meaning of some of

the numbers that NMR spectroscopists use to evaluate their structures. In this fig

ure, the single-residue backbone RMSD is calculated as an RMSD from an average

structure, when all structures have been globally superimposed. There are two

main regions of backbone disorder: residues centering around Ser-12, and those

around Tyr-22. Yet the Sparameter plot shows that while the high RMSD values

around S12 are matched by low Sparameters (high disorder), the Sparameters

around Y22 are close to 1.0, indicating a well-ordered turn. The source of the high

RMSD for Y22 is in the placement of the turn within the structure; Y22 is at the

outside of a hairpin at the end of a sheet, where small variations in angles closer

to the center of the molecule are amplified. While this kind of amplification of

small variations can be avoided by matching only a small portion of the molecule,

a decision must be made on which residues to match, and this decision affects the

RMSD values. In contrast, the Sparameter provides a measure that is completely

independent of how the structures match and is therefore an objective measure of

disorder. Furthermore, the Sparameter indicates the source of disorder; in the

region around R17-S18 there is very high disorder of one carbonyl, resulting in a

low Svalue for the adjoining u■ /4, pair. Yet the slight increase in RMSD for this

region does not distinguish between minor disorder over many atoms and large

variations in only a few atoms.



The final evaluating criterion is the Ramachandran plot (Ramachandran et al.,

1963). For the 21 structures reported here, it indicates good overall placement of

backbone dihedral angles within the allowed regions of the plot (see Figure 7).

Almost all of the points in the disallowed region in the top center area are from

S18, which has a poorly-defined angle. All other residues are generally within

the allowed regions.

180 l l

“Søva . . . . ...

• ** {3:3:
-

90 -º- º
3.3% : º

-

*
:

-180 — —

-180 –90 0 90 180

Figure 7: Ramachandran plot of b-u■ angles for the best 21 structures of Go
CgTx. Open circles are Gly-5.

Comparison to Other Toxins: Co-CpTx is smaller than most other known pep

tide neurotoxins, the exceptions being other conotoxins. The only conotoxins with

previously published structures are u-conotoxin GIIIA (Ott et al., 1991; Lancelin et

al., 1991) and o-conotoxin G1 (Pardi et al., 1989; Kobayashi et al., 1989). Both of

these peptides are smaller than co-CpTx and have a substantially-different disul

fide topology, and neither has a triple-stranded B-sheet. Therefore, we will not
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compare them further to Go-CpTx. However, the basic topology of the triple

stranded B-sheet in Co-CpTx can be compared to the similar domain found in other

toxin molecules.

The B-sheet topology of +2x, -1 (Richardson, 1981) is common among many

smaller toxins, including the scorpion toxin AaB IT (Darbon et al., 1991) and the

C-terminal portion of the sheet of Sh I from the sea anemone Stichodactyla helian

thus (Fogh et al., 1990). This pattern has also been noticed in defensins such as

HNP-3 (Hill et al., 1991), although the defensins are dimers and have a method of

action completely different from that of neurotoxins. It is interesting to note that

snake neurotoxins such as cobratoxin (Betzel et al., 1991), erabutoxin (Smith et al.,

1988), and O-neurotoxin from Black Mamba (Brown & Wüthrich, 1992) have a

reversed pattern in their triple-stranded B-sheet of -1, +2x.

CONCLUSION

We have presented the solution structure for the co-conotoxin GVIA based on

NMR spectroscopic data. The structure contains a triple-stranded B-sheet and

four tight turns, and is well-defined over its entire length. It differs significantly

from the previously published structures of o- and u—conotoxins. Such diver

gence is not unexpected, for while all are found in the venom of similar organ

isms, the co-conotoxins bind to voltage-activated calcium channels, while the O

conotoxins bind to the nicotinic acetylcholine receptors, and the p-conotoxins

bind to voltage-activated sodium channels.
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CHAPTER 2

PREFACE

In parallel with the structural study detailed in Chapter 1, I began my

main thesis project, the NMR assignment and study of o-lytic protease (o-LP).

Weighing in at 20 kDa, o-LP is more than 7 times larger than the conotoxin,

and would require the application of the latest NMR techniques of techniques

of heteronuclear multidimensional NMR (some not even invented at the

time). These techniques revolutionized the field, allowing complete

assignment and structural studies on proteins 2 to 3 times larger than the

previous limit of about 10 kDa. The first key point about heteronuclear

multidimensional NMR is the requirement for complete isotopic labeling of

the protein, with the stable isotopes "N and/or "C, to allow the

magnetization transfer through directly bound nuclei, which is the hallmark

of the new experiments. This labeling is unfortunately sometimes rather

difficult, and almost always very expensive, particularly for carbon

incorporation. No one in the lab had ever worked with stable isotope

incorporation in a protein, so the first step was the development of the

methodology for cost-effective labeling. Chapter 2 recounts the process by

which I developed a relatively inexpensive scheme for labeling o-LP with any

desired combination of carbon and nitrogen.
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CHAPTER 2

DETERMINATION OF CONDITIONS FOR ECONOMIC ISOTOPIC LABELING

OF O-LYTIC PROTEASE

***
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INTRODUCTION

Stable isotopes are expensive. Modern multi-dimensional heteronuclear

NMR techniques require essentially complete labeling of the sample, with

"N, “C, or commonly both. The goal of optimizing a protein preparation

protocol then is not maximum yield per liter, but maximum yield per dollar

(or thousand dollars, more likely). The least expensive materials containing

these isotopes are simple molecules like ammonium nitrate (for "N), or

glycerol or methanol (for "C). Lucky is the NMR spectroscopist who can grow

an adequate supply of protein in minimal medium containing only these

materials, for the medium may only cost hundreds of dollars per liter. But

many systems do not respond well to minimal nutrients, and thus require

much more expensive complex fully-labeled ingredients. This chapter

describes the search for the economically optimal growth medium for o-LP

production, and the results of that search.

EARLY EXPERIMENTS

o-LP can be produced in either of two systems. Its native host is Lysobacter

enzymogenes, a Canadian soil bacterium, which expresses it extracellularly to

aid in nutrient digestion. This bacterium grows readily in liquid broth, and

can produce large amounts of the protein in the supernatant, of which the

enzyme is the dominant constituent (Whitaker, 1970). To allow genetic

alteration for structure/function studies, the gene was cloned into Escherichia
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coli, along with its signal sequence and a pro region, which was found to be

necessary for folding (Silen et al., 1989). Although the cloned version was of

course necessary for genetic studies, the yield in E. coli was far less than that

from L. enzymogenes, and it required a phoA promoter, which responds to

phosphate depletion to induce the production of enzyme. A new product had

recently come on the market from Martek called CeltoneC), which was an

algal extract that could be purchased in any combination of "N and "C

labeling, or unlabeled (key for optimization of medium). However, algal

extracts suffer from a lack of perfect homogeneity from batch to batch, and we

did not want to have problems controlling the amount of phosphate. Since

wild type enzyme was desired anyway, we decided to optimize the system

with the natural host.

In all cases, enzyme concentration was measured by kinetic absorbence at

410 nM of the cleavage of the substrate suc-Ala-Pro-Ala-pnA at pH 8 (0.1 M

TRIS), (Silen et al., 1989). The rate was converted to [E](mg/L) with the

formula [E]=2.38rd, where r = rate of absorbence increase, AU/min., and d =

concentration ratio between original sample and the cuvette sample.

To test whether there was a problem with Celtone, Iran a parallel growth

with 25 ml of full strength Celtone (10 g/l protein content) and full strength L

broth in 250 ml shaker flasks at 27°C. Both grew fine, and protein production

was approx. double in the Celtone (2.7 pm max., reached in 40 hours).

Therefore there was no constituent of Celtone that caused a problem for the

54



bacterium. But this yield was poor compared with other available media that

had been optimized for o-LP production.

The original medium recommended by Whitaker (1979) consisted of

Casamino acids, a little glucose, and salts. While this produced lots of protein

when grown in huge batches, it was not optimal. Hunkapiller et al. (1973)

recommended a new medium that used monosodium glutamate (MSG) as

the chief carbon source, which for unknown reasons increased o-LP

production considerably. Farr-Jones and Bachovchin further optimized the

recipe (S. Farr-Jones, personal communication), so we started with the

following constituents, which I call “Bachovchin medium”: in each liter, put

2 g. casamino acids; 12 g. MSG; 10 g. sucrose; 1.2g. K.HPO,-3H,C); 1.2g. NaCl;

0.6 g. MgSO,-7H,O; 15 mg. Fe,SO, 4 mg. ZnSO,-7H,O; 3 mg MnSO, "H.O.

Adjust pH to 7.0.

OPTIMIZATION OF MEDIA

Initial Experiments: To optimize constituents, I ran in parallel 6 - 12

small flasks (125 ml or 250 ml, with 12.5 ml or 25 ml medium), each treated

identically except for variations in nutrients. Flasks were inoculated 1:50 from

a single overnight prepared from a single plated colony and grown in 5 ml

Bachovchin medium in a 50 ml flask, then were incubated at 27°C, with

shaking at 275 RPM. To ensure good aeration, screw tops were purposefully

tilted on the tops, then taped so they could not fall down and inadvertently
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make a seal. The first set of experiments was interrupted on 10/17/89 at 5:04

PM by a slight shaking of the city, but eventually the experiments were

successfully run, and the results were somewhat surprising. Bachovchin

medium routinely produced enzyme concentrations of 20 - 30 AM (> 0.5 g/

liter), -10 times that from Celtone alone (full strength, 10 g/l amino acid

concentration). Celtone + 10 g/l glucose was no better than Celtone, but

sucrose instead of glucose increased yields -30%. Monitoring enzyme

concentrations revealed that in the first 24 hours all media produced similar

amounts of enzyme, but in the next 24 hours media with glucose produced

no more, with sucrose produced a little more, and with Bachovchin jumped

up significantly, reaching maximum concentration 48–72 hours after

inoculation. Interestingly, the maximum OD.oo did not relate at all to enzyme

production; glucose increased ODoo without increasing [E], and in

Bachovchin medium the ODoo reached similar levels, with much greater

enzyme production. Since the major difference between these media is the

presence of MSG in Bachovchin medium, this constituent must somehow

increase enzyme production.

Another observed difference between the media was the variations in pH:

Celtone and Bachovchin are both buffered with phosphate, but Celtone has

about 3x phosphate concentration. This is reflected in the pH of the cultures,

which remained in the 6.5 - 7.0 range for all Celtone-based media, but

increased to 8.5 - 9.0 over the first 48 hours of growth in Bachovchin medium.
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Clearly Bachovchin medium was far superior to any variation on Celtone

that was provided pre-mixed in a bottle. In order to control more carefully the

various constituents, we purchased Celtone powder that only contained the

hydrolyzed amino acids and some salts. With this we compared Bachovchin

medium with a similar medium with Celtone powder replacing the

casamino acids. This replacement was successful, and high yields were

achieved using Celtone powder, MSG, sucrose, and the Bachovchin salts.

Varying all the constituents as described above proved that the most

important factors for production were the use of sucrose instead of glucose,

and of MSG instead of complex mixtures of amino acids. This was

unfortunate, because although the high yield augured well for cost-effective

production of labeled protein, labeled sucrose was extremely hard to get and

expensive, and MSG was quite a bit more expensive than Celtone. Figure 1

illustrates a typical graph of growth for an early test of sucrose vs. glucose.

Figure 1: Bar graph showing
growth of O-LP in Bachovchin
medium, with glucose
compared to sucrose. Glucose
reduces yields approx. 50% (or

20

15

more). Y axis is puM enzyme
concentration.

10 B. Glucose
DISucrose

º-º-º:

0 hr 24 hr 48 hr 72 hr
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Note that the growth is the same for the first 48 hours, then enzyme

production ceases in the glucose medium, while continuing to increase in the

sucrose medium.

Final Optimization: The next variable tested was total concentration of

nutrients, to see if production was inhibited by the high concentration of

proteolytic enzyme that accumulated in the medium. Bachovchin medium

with Celtone powder replacing casamino acids was used, and in the different

cultures nutrients were reduced by various fractions, down to 10% strength.

Salt concentrations were maintained at full strength for all cultures. This

proved to be the most successful improvement for the price/mg bottom line.

It turns out that while production does drop when the MSG, Celtone, and

sucrose are decreased, it does so at a substantially slower rate than the

percentage reduction in nutrients. So, while full strength is optimum for

maximum yield when the materials are cheap unlabeled products, for

maximum value it pays to reduce concentration to as little as 20% of full

strength. 20% strength yielded 9 mM enzyme concentration, which is a 50%

improvement in cost over the best yield in full strength medium.

Two more changes were found to reduce cost or increase yield. One that

cost very little and improved yield about 10% was 100x MEM (minimal

essential medium) vitamins (Sigma), which I began adding to all cultures

(1:100). The other was the type of sugar used; labeled sucrose is prohibitively

expensive, so I set out to see if there was a different sugar that could replace it

gº”
ºutn-his

Histanººms
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—l
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Ç
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as a carbon source. Fructose was available with "C label, for a bit more cost

than glucose but far less than sucrose, and since it is a component of sucrose, I

tried it. Protein production was essentially identical with fructose or sucrose,

so from that point on all experiments were performed with fructose.

Sugar Carbon Incorporation into Enzyme: However, there was still a

possibility that labeled fructose would not be needed. Since there was a good

supply of amino acids in the medium, it was possible that the sugar was

almost completely used for energy, not amino acid synthesis. We purchased a

small amount of "C labeled fructose and made up two cultures with

unlabeled MSG and Celtone in the normal amounts, but one with the labeled

fructose and the other with unlabeled. All other constituents were the same

as always. We grew a fraction of a mg. of protein in each and sent them to the

mass spectrometry lab for analysis. The resultant masses were: unlabeled

fructose – 19,852 Da.; labeled fructose – 20,256 Da, which meant that almost

50% of the 846 carbons were labeled with "C derived from the fructose. The

raw MS data are shown in Fig. 2.

The prices of the various materials varied with time and supplier, so for

the cost analysis, ballpark figures will be used: "N,”C-labeled MSG Q

$1500/gram; "N,”C-labeled Celtone Q $600/gram; and "C Fructose @

$1000/gram. With a set ratio of 2 g/l of Celtone and 2 g/l Fructose, with

regular strength salts and vitamins, MSG was varied from 0 to 4 g/l, with

results displayed in Figure 3.

59



UG LAB-BASE The TRIO-2 GC-MS Data Susten
DAVIS mo. 3 Instrument:
E1DE433'1 (2,274) Ba■ auto):Sr. (DFZX5)T(HS), ES:
100T 1241, 5 A 19856, 19 + 3, 24

A17
1169. 3

A18
1194.2

ZFS- A19
1946. 2 A 15

1324.9
A 14

A 21 1421, 2

946.6 9% 1%.4
835. 1 1282, 9 | 1438.3

| | /Wºulº º
Ø A% ! W. | "AM" A■ W. Yº,

n/zèga "Tºa "Taag "1 Tag "1220 "Tºga "Tºad "15ga "Teaº

UG LAB-BASE The TRIO-2 GC-MS Data System
DAVIS mo, 6 Imstrument:
E1DE434'1 (4.328) Ba(auto):Sn(DFZX3); (HS), ES:

les A 2 * § {####3 : 3:331128, 1 1169, a

A

& A
1194.2, 1353, 4

zFS

&

1972.8, H 3 | 13:40
831. 9 992. 5 1366. 2 1478. 3

| *%;4 -922.8
-

1474....”
W | W ". W | W | \\\ Mr" () | ºr rº,

ºfwº 9ég 1222 11ag 1220 13|aa "Tº '1500 "1643

Figure 2: Mass Spec. data of o-LP grown in A) unlabeled fructose, and B) *C-
labeled fructose. Residual A peaks in bottom plot are from unlabeled protein
that was insufficiently washed from the system between runs. The calculated
molecular masses are in the upper right corner of the plots.
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The flatness of the cost/gm trace indicates that the portion of MSG can be

—x— Relative Yield —e-Cost, $/gram yield

1.4 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 140

■ i
0 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

0 0.5 1 1.5 2 2.5 3 3.5 4

MSG Concentration, grams/liter

Figure 3: Graph of MSG concentration in otherwise standardized
medium, versus relative yield (X, left axis) and Cost/gram yield (o,
right axis). The yield is fairly linear, but due to the various costs of the
ingredients, the cost effectiveness is rather flat above 1 g/l. The
remainder of the media contained 2 g/l fructose and 2 g/l Celtone, and
the salts and vitamins described earlier.

titrated according to its availability and cost ratio, though it is vital to have

some in the medium. If only ‘’N labeling is desired, the ratios change

considerably, since MSG becomes relatively cheap, while Celtone remains

fairly expensive and of course fructose is not labeled. Thus the ideal recipe

reduces Celtone to a minimum. A good yield/$ for "N labeling is provided by
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0.6 g Celtone, 2 g. fructose (or sucrose) and 2.4 g. MSG / liter, with standard

salts and vitamins. (This is quite close to 20% of Bachovchin medium).

Growth: NMR quantities of enzyme were grown in 2800 ml Fernbach

flasks, outfitted with a loose top and containing 250 - 400 ml medium. One

freezer stock of L. enzymogenes was used for all growth, to maintain

consistency, though there was still quite a bit of variation in yield over time.

A scrape from the freezer stock was collected with a sterile pipette tip, and

spread over an agar plate with L-broth. “Overnights" for Fernbach production

runs were grown for two nights from a single plated colony, in 5 or 12.5 ml

medium in 50 or 125 ml flasks shaken at 27°C, then added to medium in a

ratio of approximately 1:50. Several extra overnights were produced, all were

assayed before Fernbach inoculation, and the best enzyme producers used. For

labeled media, filter sterilization was used rather than autoclave. There were

two kinds of ribbed Fernbach flasks in the lab: one with the ribs in a centered

cluster, and the other with dimples around the perimeter. Both kinds

worked, but with the perimeter type a slow speed (~74 RPM) that would just

get the medium swirling over the dimples worked well. Intense frothing was

not desired (Anti-foam removed foam but reduced yield), but good aeration

was necessary. Tests using between 250 and 400 ml per Fernbach yielded

similar results in mg/liter. Growth should be at 27 or 28°C, no higher, and

should be monitored frequently to avoid cell lysis and losses of enzyme.
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CONCLUSIONS

The ease of labeled growth and purification of o-LP makes it ideal for

multi-dimensional NMR studies. The high cost of labeled media

components, and the wide variation in cost among different sources of "N

and "C, necessitate a different approach to protein production; instead of

maximizing yield/liter, one wishes to maximize yield/raw material cost.

Conditions were found that could produce a good double-labeled sample (2

mM in 0.25 ml) for $1000 (< $100 for "N label alone). The most important

alteration to the published media recipes is to reduce their nutrient

concentration to 20%. MEM vitamins were found to add to the yield with

negligible additional cost. Labeled sugar was found to be necessary for

complete labeling, and lower cost fructose was as good as sucrose; less costly

glucose reduced yields considerably. Other inexpensive carbon sources (e.g.

glycerol, urea) produced very low yields. The media described here were used

to produce many single- and double-labeled samples for the NMR

experiments described in the following chapters.
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CHAPTER 3

PREFACE

While I was working on the NMR projects described in the next four

chapters, Julie Sohl asked me which "N-'H correlation experiment would

provide the most accurate integrated intensities for hydrogen-deuterium

exchange experiments. I did not know, and could not find any reference that

described such a comparison, so I set out to determine it myself. One of the

experiments I compared was a refocused HSQC, and after I had finished

modifying it to contain every known enhancement, it turned out to be the

most accurate (by a modest amount). I used it also as part of a 3-D NOESY

HSQC because it edits out the side chain geminal peaks, allowing

quantification of the backbone amides located in the same region as the side

chain peaks. The work I had done seemed useful enough to publish, so it was

submitted and appeared in the Journal of Biomolecular NMR, 5, 433–437

(1995). Chapter 3 is the complete manuscript of this paper.
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CHAPTER 3

REFOCUSING REVISITED: AN OPTIMIZED, GRADIENT-ENHANCED

REFOCUSED HSQC AND ITS APPLICATIONS IN 2- AND 3-D NMR

AND IN DEUTERIUM EXCHANGE EXPERIMENTS

Keywords: N15-edited NOESY-HSQC, Protein Folding,

Heteronuclear NMR, Semi-constant Time, o-lytic Protease
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ABSTRACT

2-D 15N-1H correlation spectra are ideal for measuring backbone amide

populations to determine amide exchange protection factors in studies of

protein folding or other structural features. Most protein spectroscopists use

HSQC, which has been shown to be generally superior to HMQC in both

resolution and sensitivity. The refocused HSQC experiment is intrinsically

less sensitive than the regular HSQC, due to T2 relaxation during the

refocusing delays. However, we show here that, when high 15N resolution is

needed, an optimized refocused HSQC sequence that utilizes a semi-constant

time evolution period and pulsed field gradients has better signal to noise

and resolution, and integrates more accurately, than a similar HSQC. We

demonstrate the differences on a 20 kDa protein. The technique can also be

applied to 3-D NOESY experiments to eliminate strong NH2 geminal peaks

and their truncation artifacts at a modest cost in sensitivity.
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2-Dimensional amide "H-15N heteronuclear correlation spectra, such as

HMQC (Müller, 1979) and HSQC (Morris & Freeman, 1979), in theory have

one peak for each backbone amide. Since the 1H-15N coupling constant is

independent of secondary or tertiary structure, the intensities of the peaks

have only minor variation (in the absence of some broadening mechanism),

and such spectra are commonly used to determine amide exchange rates and

to observe the protection factors of amides at various stages of folding (Mau et

al, 1992; Gooley et al., 1992). The large coupling constant and wide chemical

shift dispersion of backbone 15N amides combine to allow correlation

experiments to be very sensitive and well-resolved, and therefore of greater

utility in these applications than homonuclear HN - Ho correlation

experiments. In this communication we present an optimized, semi-constant

time, gradient- and resolution-enhanced refocused HSQC (refhSQC) that has

better resolution and greater signal/noise than a gradient- and resolution

enhanced HSQC without refocusing.

The refocused HSQC was first described by Burum and Ernst (1980), and in

its 2-D inverse-detected form has been evaluated against other sequences (Bax

et al., 1990). It is well known that there is additional signal loss (when

compared with a regular HSQC) due to T2 relaxation during the refocusing

delay, but that maintaining in-phase heteronuclear single quantumy g in-p gle q
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coherence with decoupling on the protons means that the decay during the

evolution time is dominated only by dipolar and CSA interactions involving

the heteronucleus. During the evolution delay in an HSQC (but not a

ref{{SQC), when the heteronucleus is antiphase with respect to the proton, its

relaxation rate is increased by other mechanisms, including proton spin

lattice relaxation and cross-relaxation (Peng et al., 1991). Bax et al showed that

this leads to the HSQC having broader lines than those of its refocused

counterpart, with both superior to HMQC. But with the pulse sequences they

compared, it appears that refocusing results in a slightly lower S/N.

Imperfections in the three additional hard it pulses in the refocused

version add to its sensitivity loss. We use an improved refocusing scheme

(Bennett T. Farmer II, personal communication; Van Doren et al., 1993) that

removes two of these additional pulses, and we also incorporate a semi

constant (or shared time) evolution period (Grzesiek & Bax, 1993a; Logan et

al, 1993) for the heteronucleus, which for 15N includes about 10 ms of

defocusing and refocusing time in the final evolution time. Our comparison

is between the refhSQC diagrammed in Fig. 1 (starting at A) and a regular

gradient- and sensitivity-enhanced (Palmer et al., 1991) HSQC, which is

identical except that the semi-constant time period is replaced by the sequence

fragment shown in curly brackets in the figure (sequence is very similar to

that given in Kay et al., 1992). Since Kay et al demonstrated the superiority of

their gradient-enhanced HSQC over others, we compare ours only to Kay's.
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Figure 1 (Next Page): NOESY-refHSQC Pulse Sequence. Resolution
enhanced 3-D sequence that uses a refocused HSQC instead of HMQC for the
15N dimension. Semi-Constant Time is used in t2 (Logan et al., 1993, Grzesiek
& Bax, 1993a). All unmarked pulses are x, and other phases are: @1=x,-x;
$2=y,y,-y,-y; $3=x; }4=4(x),4(-x); b5=8(x),8(-x); be-x; and Örec=x,-x,-x,x. $1 and
(brec are incremented in the normal States-TPPI manner for quadrature
detection in t|. For t2, in each alternate FID, $6 is incremented by 180° and the
sign of G4 is inverted, and in each alternate t2 increment, Ö3 and brec are
incremented by 180°. The gradients G3 and G4 are both about 30 G/cm, and
G3 is 1.2 ms, G4 is 125 ms. The strength of G4 is adjusted for optimum signal.
The data must be pre-sorted before processing (Kay et al., 1992). 6 = <-1/4JNH,
or 2.25 ms. A = 1/2JNH, or 5.4 ms. T = 500 ms. Delays for semi-constant time
period are calculated as follows: A2 = A * (t2 / t?max); A1 = A - A2; and t = t2 - (2
* A2). To acquire a 2-D correlation spectrum, begin the sequence at point A. A
water flip-back pulse can be installed as a low-power shaped pulse, phase -x
(or $1 in the case of a 3-D experiment), immediately after the b2 pulse (marked
W in the sequence) (Grzesiek and Bax, 1993b). The trim pulses bordering the
proton decoupling period are necessary to maintain maximum effectiveness
of the W pulse (Kay et al., 1994). If gradients are not available, acquisition is
started at point B, and bé remains x while b3 and brec are cycled in the usual
States-TPPI manner (Marion et al., 1989b). In this case, water suppression can
be achieved without the use of presaturation by installing an x spin-lock pulse
on protons just before the $2 pulse (Messerle et al., 1989). Changes in sample
temperature with increasing evolution decoupling time are prevented by
installing 15N and 1H pulses at decoupling power before the relaxation delay,
with varying duration that complements the evolution time, such that at
every increment the total pulse time is constant (Wang & Bax, 1993). The
sequence fragment shown below in curly brackets was used in place of the
semi-constant t2 period when running a regular HSQC for comparison. Tg is
1.375 mS.

70



Semi-Constant t2 Period

'H

15N

Z-grad | ru ri Tl
G5 G1 G1 G2 G3 G1

t ©4
'H # + + Tg Tg

15N

71

G1 G1 G1
■ lº–H–1–

G4

H.--
{…".)



The sequence presented here contains the same number of pulses (excluding

the t1 decoupling and trim pulses), and provides higher resolution and signal

to noise when applied to a large (20 kDa) protein. It is important to note that

the advantages are maximized when a long acquisition time is used in t!

(several hundred ms). If a quick experiment is desired, at the expense of

resolution in 15N, then the lines are broad in both experiments, and the

refHSQC becomes less sensitive than the HSQC.

3-Dimensional heteronuclear NMR experiments are now becoming

routine for assigning and determining the structure of proteins in the 10 to 25

kDa range, with the potential for even larger proteins (Clore & Gronenborn,

1994; Wagner, 1993). The first of these experiments, NOESY-HMQC (Marion

et al., 1989a; Zuiderweg & Fesik, 1989), is still in use today. We have found that

replacing the HMQC with an enhanced HSQC improves the experiment, but

does not fully address the difficulty encountered in the crowded regions

where most of the side-chain NH2 groups are found; while the enhancement

scheme reduces by a factor of about two the intensity of the side-chain

crosspeaks, they are still quite substantial. It can be difficult to distinguish

NOESY peaks involving a side chain amide from those involving a backbone

amide that happens to fall in the same region. In addition, due to their long

T2, NH2 peaks are sharp, and prone to truncation artifacts that propagate

through other portions of the spectrum. Since backbone amide-to-amide

NOESY peaks are of particular importance in sequential assignment and
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secondary structure determination, the removal of the large NH2 geminal

crosspeaks, and their truncation artifacts, allows a sequential amide crosspeak

in the same location to be seen (or, alternatively, confirmed to be missing). A

well-known property of refocusing is that by tuning the delay one can choose

to maximize or minimize various spin systems, particularly selecting for XH

and against XH2 (Burum & Ernst, 1980). We show here that editing a NOESY

with our refhSQC reduces the sensitivity only moderately, while taking

advantage of the fact that refocusing edits out NH2 groups almost entirely,

cleaning up those portions of the spectrum where the NH2 resonances

appear. This can be very helpful with proteins containing many Asn or Gln

residues (o-lytic protease contains 22 of them).

Figure 1 shows the NOESY-refHSQC pulse scheme with gradients and

sensitivity enhancement. The INEPT transfer begins at point A, and after the

$2 and $3 pulses we have transverse 19N magnetization antiphase to protons.

There are two simultaneous processes during the semi-constant t2 period:

15N refocusing followed by defocusing to antiphase; and 15N evolution. The

refocusing happens during A1 + A2 (= 1/2JHN =A). At the end of A1 + A2, 15N

is independent of the state of H, so proton decoupling and trim pulses can

occur. During the subsequent A period 15N evolves back to antiphase with

respect to 1H. Meanwhile, the chemical shift evolves in one direction for the

73



time A1, and in the opposite direction for the time A2 + A + t, so the function

for the evolution time is t? = A2 + A + t - A1 (or 2A2 + t). At t2 = 0 (first slice)

A1 = A and A2 = t = 0, and the maximum signal is observed. The remainder of

the sequence is the reverse of the beginning (up until B) followed by a series

of pulses to enhance sensitivity (Palmer et al., 1991; Kay et al., 1992). The semi

constant time period takes advantage of the two A delays, which total -10 ms,

and incorporates them into the evolution time. Thus, although the first slice

is reduced in intensity due to T2 relaxation during 2A, by the last slice the

entire 2A period is part of the evolution time. This effectively decreases the

rate of decay of the signal envelope in the indirect 15N dimension, resulting

in narrower lines. Further narrowing is effected by the fact that in-phase 15N

magnetization has longer intrinsic T2s than does antiphase magnetization

(see above).

The advantage of refocusing is shown in Fig. 2, which displays the t1

interferogram, from a 2-D experiment, of a crosspeak that has a unique 1H

chemical shift and is otherwise representative. The envelope of the ref#ISQC

signal is sketched in, and the same lines are drawn over the HSQC signal for

ease of comparison. The decay envelopes of the two experiments are clearly

different, with the refocused version having a slower decay. 512 complex t|

points were collected on the same sample with identical instrument settings,
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Figure 2: Comparison of HSQC and ref#SQC. t1 interferogram and ol
spectrum of the slice through Val-4 of o-lytic protease, from 2-D HSQC (A)
and ref#SQC (B) spectra collected on a single sample with identical conditions
and parameters, on a 600 MHz spectrometer. The transforms were performed
with no zero-filling or apodization. The envelope of the refhSQC is
approximated by the lines drawn on the interferogram; the exact same lines
were placed over the HSQC interferogram to highlight the differences in
decay properties. Note in (A) that the signal begins slightly higher, but decays
much more rapidly, leading to the broader line. All vertical axes are matched
between A and B. Spectral widths were 8600 Hz (t2) and 1700 Hz (t1), for a
final acquisition time in t1 of 300 ms. 8 scans per FID were acquired, and
protons were decoupled using a 3333 Hz field. High power field strength was
29,000 Hz for 1H, and 5000 Hz for 15N.
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and were Fourier transformed with no apodization or zero filling for a final

resolution of 3.34 Hz/point. The linewidth of the refocused peak is about 40%

narrower, and its signal/noise is 47% higher. Zero filling twice prior to

transform without apodization reduced all linewidths by about 10%, but did

not substantially change our results. Application of various apodization

functions improved S/N up to 50% while increasing linewidths

proportionally, without substantially changing the ratio between the two

spectra (data not shown). Improvements in resolution and S/N remained

through all reasonable processing schemes, and was present throughout the

spectrum.

Experiments that measure amide exchange, such as protection factor and

Baldwin-Roder type refolding experiments (Udgaonkar & Baldwin, 1988;

Roder et al., 1988), rely on the ability to quantify the percentage of the amides

that are protonated. To evaluate the ability of the various 2-D sequences to

accurately report the concentration of protonated backbone amides, we created

two test samples of o-lytic protease (20 kDa) in D2O, one of 1.5 mM and the

other of 0.5 mM. Comparison of the integrated volumes of the peaks should

result in a consistent ratio close to 3:1. We ran the best gradient-enhanced and

optimized HSQC (Kay et al., 1992) on both samples, and compared it with our

2-D refocused HSQC. All spectra used water flip-back, and had 1H spectral

width of 8600 Hz, 1024 complex points, and one zero fill, and 15N spectral

width of 1700 Hz, 512 complex points, and two zero fills, for a final size
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(untrimmed) of 2k x 2k points. Apodization consisted of a moderate Lorentz

to-Gauss window function. Integrations were performed by Sparky", our in

house NMR analysis program, which fits a Gaussian in two dimensions and

integrates the fitted peak. The ratios between the peak volumes were then

taken, and the average and standard deviation calculated. The average ratio of

the HSQC spectra was 2.90, o = 0.20, and for refHSQC the average ratio was

2.95, o = 0.22. We performed a Student's T test on the distributions, which

gave a better than 98% probability that the difference in means was significant

(A(t v) = 0.012). Since the refHSQC also has better S/N and resolution, we

feel that it will be a useful experiment in amide exchange experiments,

whenever resolution needs to be maximized and speed is not essential (as

when exchange has been quenched before NMR measurements).

The 3-D NOESY-refhSQC experiment is created by preceding the 2-D

sequence with a proton evolution time and a NOESY mixing period (Fig. 1,

before point A). Because the experiment is 3-D, it is impractical to acquire

enough points in 15N to achieve 5 Hz line widths. However, the semi

constant time feature reduces the decay rate of the signal in the 15N

"For software availability, please contact T. Ferrin, UCSF Box 0446, San

Francisco, CA 94143-0446.



dimension. The use of semi-constant time in NOESY experiments has been

associated with artifacts that appear offset in the 15N dimension (Farmer and

Mueller, 1994), but while these were present in our spectrum, the only

significant ones were echoes of the diagonal peaks, and so also appeared on

the proton diagonal. The S/N of the 3-D experiment is 25% reduced

compared to a 3-D NOESY-HSQC, but the editing feature of refocusing

eliminates unwanted strong geminal side-chain amide peaks, allowing the

detection of important sequential backbone amide-amide peaks that may be in

the same region of the spectrum. Figure 3 displays the same slice of two 3-D

NOESY spectra, centered on a backbone amide that is in the middle of one of

the dense groups of side-chain NH2 signals. In the NOESY-refhSQC the

strong side-chain crosspeak is eliminated, and the spectrum is more easily

interpreted. While it would not replace the other experiments, we feel that

this 3-D sequence could be of use as an additional tool for investigators whose

proteins have severe overlap problems with side-chain NH2 signals.
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Figure 3 (Next Page): Slices of the 3d NOESY spectra of o-lytic protease
showing amide and alpha NOEs to Y191 HN. (A) the NOESY-HSQC
experiment, with two sequential amide crosspeaks and two Ho crosspeaks.
The crosspeak to HN of G192 is badly overlapped by the geminal crosspeak
from an unassigned sidechain NH2 group. (B) The NOESY-refocusedHSQC
spectrum of the same region. All the same backbone crosspeaks are
represented, but here both sequential amide crosspeaks are well resolved.
Peaks in the refocused spectrum were weaker than those in the HSQC. We
measured the loss of signal by comparing the signal-to-noise ratios of 19
randomly-chosen resolved crosspeaks from around the spectra. We then
calculated the ratio of the S/N ratios (HSQC : ref#SQC), which ranged from
1.1 to 1.6, and averaged 1.32. Thus, there was an average 25% reduction in
sensitivity in the refocused experiment. Parameters were similar to those
described in Fig. 2, with the following changes: 4 scans were collected per FID,
and the spectral widths and number of complex points in the indirect
dimensions were 6840 Hz and 58 points for t! (proton), and 2000 Hz and 64
points for t2. The mixing time was 140 ms. Linear prediction of 64 points was
used in each indirect dimension, and the final size after zero-filling once in t|
was 256 x 128 x 1024 points. Apodization consisted of sine-squared functions
shifted 80 deg. in t! and t2, and a Lorentz-to-Gauss function in tº.
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CHAPTER 4

PREFACE

In order to accomplish my intentions of studying the dynamics and

unfolding behavior of o-LP in solution, I needed the NMR assignments. This

task was rather daunting, particularly since we had minimal instrumentation

for the job. With labeled protein, and many hours in front of the

spectrometer with Vladimir Basus, I was able to make a start on the project,

successfully acquiring some 3-D "N-edited NOESY and HOHAHA spectra.

However, these were not sufficient for the full assignments, and the

spectrometer we had was not up to the task of running the more demanding

triple resonance experiments that the full assignment project required.

Eventually, with the help of people at Varian and Bruker, and especially with

the acquisition by UCSF of a modern, gradient-capable spectrometer, I was

able to complete the job.

Chapter 4 is a paper that is being submitted to Journal of Biomolecular

NMR. Most of the work was completed some time ago, but the inhibitor

complex was a different one, and the spectrum had some unusual features

that turned out to be spurious. The inhibitor was similar – methoxysuccinyl

Ala-Ala-Pro-boroAla – but many of the peaks for residues near the binding

pocket were split in a 2:1 ratio. This splitting was puzzling, and after I assigned

the spectrum we spent some time trying to determine the mechanism.
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Finally we discovered that the inhibitor had somehow deteriorated, and was

no longer a single compound, so there were unknown ligands bound to the

o-LP. After determining that the stock of N-t-BOC-Ala-Pro-boroVal inhibitor

was intact and pure, we began the assignment of a new complex. On sabbatical

in Tracy Handel's lab, David Agard took on the project of assigning the

complex. Vladimir Basus helped with the spectroscopy at the very beginning

of the assignment process.
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CHAPTER 4

BACKBONE 1B, 13C, AND 15N NMR ASSIGNMENTS AND

SECONDARY STRUCTURE OF UNCOMPLEXED O-LYTIC PROTEASE,

AND OF ITS COMPLEX WITH THE PEPTIDE BORONIC ACID

INHIBITORN-T-BOC-ALA-PRO-BORO-VAL.

KEYWORDS: Protein Folding, 3-D NMR, Heteronuclear NMR
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ABSTRACT

o-Lytic protease, a bacterial serine protease of 198 amino acids (19,800 Da),

has long been used as a model system for studies of catalytic mechanism,

structure/function relationships, and more recently for studies of pro region

assisted protein folding. We report here the assignment of the backbone and

3–carbon resonances of the native enzyme, using double- and triple-resonance

3-dimensional NMR spectroscopy on uniformly "N- and “C”N-labeled

protein. We also report the assignment of backbone *N, *Co., *Cp. and amide

*H resonances of the enzyme complex with the peptide boronic acid inhibitor

N-tert-butyloxycarbonyl-Ala-Pro-boroVal. The assignment process used a

wide variety of pulse sequences, many from published works, and some

others modified as described in this paper. We compare the solution secondary

structure of the native enzyme with that of the high-resolution X-ray structure,

and show that there are no significant differences. Correlation was found

between the change in chemical shift and the distance from the inhibitor,

displacement of backbone nitrogens, and change in hydrogen bond strength

upon inhibitor binding. The amide proton and nitrogen assignments will be

used in dynamics experiments and hydrogen-exchange folding experiments.

The boronic acid complex assignments will be used in dynamics experiments

to evaluate the difference in active site flexibility upon substrate binding.
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INTRODUCTION

o-Lytic protease (o-LP)' is an extracellular bacterial serine protease of the

chymotrypsin family, produced by the soil bacterium Lysobacter enzymogenes. The

mature enzyme has 198 amino acids, a molecular weight of 19,800 Da, and it

preferentially cleaves at small hydrophobic residues like alanine. A high

resolution crystal structure has been solved (Brayer et al., 1979; Fujinaga et al.,

1985), and o-LP has been used extensively for protein engineering studies on the

relationship between active site structure and function (Bone et al., 1987, 1989a,

1989b, 1991a). These studies showed that certain mutations that alter the shape of

the active site greatly increased activity on larger substrates, but surprisingly did

not significantly reduce the activity toward small substrates like alanine in the P1

position (in the nomenclature for protease substrates, P1 stands for the residue

whose peptide bond is cleaved, and residues in the N-terminal direction are

numbered P2, P3, etc.). Crystallographic evidence using peptide boronic acid

transition state mimics (Bone et al., 1989a, 1991b) suggested an induced fit model,

wherein the modified enzyme could conform to a broad range of substrate

'Abbreviations: o-LP, a-lytic protease; HX, hydrogen/deuterium exchange; Boc-Ala-Pro

BVal, N-tert-butyloxycarbonyl-Ala-Pro-boroVal. Standard abbreviations are used for amino acids

and NMR experiments.
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shapes due to a combination of active site flexibility: the rotation of a valine side

chain; alterations in the backbone configuration of a key omega loop; and the

subtle displacement of the backbone over a stretch of 3-strand. Importantly, the

exposed edge of this B-strand forms an anti-parallel B-sheet with peptide

substrates. These observations led to the hypothesis that enzyme plasticity is

responsible for the broad specificity observed. The crystallographic temperature

factors (B-factors) in the complex are somewhat reduced, particularly in two

stretches bordering the binding pocket, implying that binding confers

stabilization (Bone et al., 1987). Yet other residues in the binding region have no

signifant difference in B-factors. Thus the question of the mobility of those

portions of the binding pocket is still unanswered.

NMR is an extremely powerful tool for the study of protein dynamics (Peng

& Wagner, 1994). It has long been known that transverse and longitudinal

relaxation rates and heteronuclear NOEs are sensitive to the rate of motion of the

local portion of the molecule. Isotopic labeling is required for determining

protein dynamics using "N relaxation and NOE experiments. We plan to study

the dynamics of o-LP, both native and inhibited, to determine whether the

apparent flexibility observed in the crystal structures is manifest as dynamics, or

simply as discrete, altered conformations.

More recently, the folding of o-LP has been examined, and the enzyme is an

excellent model for studies of pro-assisted protein folding. O-LP is synthesized as
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a pre-pro enzyme (Silen et al., 1988). Expression studies showed that the 166

amino acid N-terminal pro region was absolutely required for production of

active enzyme in E. coli (Silen et al., 1989). When Baker et al. (1992) denatured o

LP and then rapidly diluted it into refolding conditions, it did not refold

completely. Instead a stable folding intermediate formed which showed no

detectable conversion to the native state over a period of months. Upon the

addition of the pro region, the intermediate refolded with a half time of less than

a minute, and activity was rapidly regained. This lead to the conclusion that the

pro region acts as a "foldase", lowering the barrier height of the transition state

for folding by 10Kcal/mol or more, from at least 29 to about 19 Kcal/mol (J. Sohl,

personal communication).

NMR has proven to be the method of choice for studying the formation of

specifically-identified secondary structure along the folding pathway.

Hydrogen/deuterium exchange (HX) experiments (Udgaonkar & Baldwin, 1988;

Roder et al., 1988) can indicate which amide hydrogens are protected early or

later in folding. The folding intermediate of o-LP is long-lived; only after

addition of pro region does folding proceed rapidly. We hope to elucidate the

secondary structure present in the intermediate and in the later stages in folding

through application of exchange techniques, using NMR to quantify the

exchange in a residue-specific manner. Since 19N-1H correlation experiments

provide the best quantitative data, all of our folding studies utilize 15N-labeled

protein.
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NMR assignments of the protein backbone are a necessary first step in the

investigation of o-LP folding and dynamics. In this paper we describe the

complete backbone heteronuclear assignments of native o-LP, determined using

3-D double- and triple-resonance NMR, and compare the backbone NOEs to

those expected from the crystal structure. In addition, we describe the backbone

amide assignment of o-LP in complex with the peptide boronic acid inhibitor N

tert-butyloxycarbonyl-Ala-Pro-boroVal (Boc-Ala-Pro-BVal, K = 0.35 nM). The

assignments are also a first step toward the elucidation of the 3-dimensional

solution structure. When the solution structure is completed, it will provide an

excellent comparison between X-ray and NMR structures, since o-LP is a tight

globular protein with a well-defined core and no large floppy loops. The folding

studies will help us to better understand pro-assisted folding, and the dynamics

experiments will provide insight into the factors that modulate enzyme activity

and substrate specificity, with possible application to drug and protein design.

EXPERIMENTAL PROCEDURES

Sample Preparation: o LP was produced in its native host, L. enzymogenes, in

medium described previously (Hunkapiller et al., 1973) with the following

modifications: we used 15N or 15N/13C Celtone (Martek) instead of casamino

acids, and 13C fructose (from Cambridge Isotope Labs, for uniformly 13C labeled

proteins) instead of sucrose. We also found a 10% increase in yield upon addition

of 2 ml/L 100x MEM vitamins (Sigma). Nutrient concentration was then adjusted

--
{...”.)

*

º -
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to 24 g/L MSG (mono-sodium glutamate made from either "Nor "N,”C

glutamic acid, CIL), 2.0 g/L fructose, and 0.5 g/L Celtone to increase protein

production per gram of starting material. At this concentration, production in 2.8

L Fernbach dimpled shake flasks at 28 C was about 100 mg/L. Celtone, glutamic

acid (CIL), and fructose were the sole carbon and nitrogen sources, and were

available with any desired combination of 13C and 15N uniform labeling. To

determine whether the carbons in fructose were incorporated into the protein, or

only used as an energy source, we grew up a small amount of protein (< 1.0 mg.)

using unlabeled Celtone and glutamate and uniformly-labeled 13C fructose

(CIL), then measured the mass of the purified protein with mass spectrometry.

The resulting mass was about 200 Daltons greater than normal, indicating that

about 25% of the 846 carbons in the native protein were 13C, and so must have

originated from fructose. This result revealed that the use of 13C-labeled fructose

was necessary for all double-labeled preparations. Less-expensive glucose or

glycerol could not be substituted because it substantially lowered the total

enzyme production, resulting in a higher cost per sample. Protein was purified

as previously described (Dolgikh et al., 1981; Haggett et al., 1994), except that

cation exchange chromatography step was performed using S-Sepharose

(Pharmacia) with elution at pH 9.6, and an NaCl gradient of 50 - 200 mM.

Activity was measured by kinetic absorbence measurements at 410 nm of the

cleavage of the substrate suc-Ala-Pro-Ala-pnA (Silen et al., 1989).
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Over the course of the study many different samples were made, ranging

from 0.8 mM to 3.5 mM, pH 4.0, with 50-80 mM NaCl and 10 mM deuterated

acetate (CIL), in 92% H2O, 8% D2O except when exchanged into 100% D2O. TSP

was added as an internal proton reference; 13C was referenced externally to TSP

in D2O; 15N was referenced to an external 15NH4Cl standard, which was set to

24.93 PPM relative to liquid NH3 (Levy & Lichter, 1979). Most samples were in

standard 5 mm ultra-thin walled tubes (Wilmad), but for the most recent work

we used tubes that have glass plugs with a magnetic susceptibility matched to

water (Shigemi) and which reduce the required sample volume to 250 pil.

o-LP cannot be lyophilized and re-dissolved without some degradation, so

we prepared D2O samples by diluting concentrated o-LP into D2O, then

concentrating it with a 10 kDa cutoff Centricon filter (Amicon). For the sample

used to identify exchangeable amides, we allowed exchange in D2O for 100

seconds at pH 7.0 and for 50 minutes at pH 5.0, then concentrated the sample at

pH 3.0, a regime that mimics the times and pHs used in the folding experiments.

We then adjusted the pH to 4.0 (not accounting for isotope effects) for

spectroscopy.

NMR Spectroscopy: The spectra were acquired with several different

instruments at different stages. The early 2-D and 3-D spectra were acquired on a

GE 500 MHz Omega system with a triple-resonance probe, and included HMQC

(Müller, 1979), NOESY-HMQC (Marion et al., 1989a; Zuiderweg & Fesik, 1989),
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HOHAHA-HMQC (Marion et al., 1989b), HNCA)HA (Clubb et al., 1992a),

HCA(CO)NNH (Boucher et al., 1992a), HCACO, HNCA, HNCO (Kay et al., 1990;

Ikura et al., 1990), and HN(CO)CA (Bax & Ikura, 1991). Duplicate HNCO, HNCA,

and HN(CO)CA spectra were also run on Varian (Unity) and Bruker (AMX) 600

MHz systems during the course of spectrometer demonstrations. The remaining

experiments on the unbound enzyme were run on a Varian Unity-plus 600 MHz

with pulsed-field gradients and ultra-shims, either on our newly-acquired

spectrometer or at Varian in Palo Alto. The 2-D refocused-HSQC (Burum &

Ernst, 1980; Davis, 1995) used in the amide exchange experiment was a gradient

enhanced experiment, also run on the 600 MHz spectrometer. The enzyme

inhibitor complex was assigned using three triple-resonance experiments;

H(CA)NNH(Gly), HNCACB, and CBCA(CO)NNH, all run at 600 MHz on a

Bruker DMX spectrometer. The various experiments and their parameters are

shown in Table 1. All experiments were run at 35° C except where noted.

Spectra were processed using either Striker *(Day, unpublished), an

interactive processing program developed in-house, or nmrPipe (Delaglio et al,

1995). Interactive display, bookkeeping and peak picking were performed on

Sparky, also developed in-house 2 (Kneller, unpublished). For apodization we

typically used a lorenzian-to-gaussian function with about 6 Hz line broadening

* For software availability, please contact Dr. T. Ferrin, UCSF Box 0446 San Francisco, CA

94143-0446.
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Table 1

ACQUISITION PARAMETERS FOR EXPERIMENTS USED

Complex Points,
Spectral Width, Hz. Acquired a

Experiment (O1 (02 (03 Gol Go2 (03 Scans/FID

NOESY-HSQC 7400 (H) 2400 (N) 8100 128 40 1024 8

HOHAHA- 2381 (N) 6024 (H) 6024 32 256 512 16
HMQC

HNCOb 2000 (C) 2500 (N) 9000 26 60 1024 8

HNCA 3333 (C) 2000 (N) 8000 64 32 512 8

HCACO 4650 (C) 1876 (C=O) 4000 32 64 1024 32

HN(CA)HA 1667 (H) 2000 (N) 7140 20 32 512 64

HNHA(HMQC) 2000 (N) 1818 (H) 6600 64 64 1024 32

HNHA (GLY) 2250 (H) 1840 (N) 8600 64 40 1024 32

H(CACO)NNH 1900 (N) 4600 (H) 7140 16 32 1024 32

HCA(CON)NH 4000 (C) 1600 (H) 7140 32 32 1024 64

HN(CO)CA 3333 (C) 2000 (N) 8000 32 32 512 32

HNCACB 6800 (C) 2500 (N) 9000 50 42 1024 8

CBCA(CO)NNH 9000 (C) 2400 (N) 8300 58 56 1024 16

ref-HSQC (2-D) 2800 (N) 8600
-

256 1024 -- 64

Expts. on Inhibitor Complex

HNCACB 1425 (N) 9000 (C) 8091 17 50 512 64

CBCA(CO)NNH 10000 (C) 1425 (N) 8091 59 18 512 40

H(CA)NNH-Gly 1425 (N) 1600 (H) 8091 17 40 512 80

* Final size was usually increased by linear prediction or maximum entropy,
and/or zero-filling in the indirect dimensions, and the unused portions of the
acquisition dimensions were trimmed away.
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for t, and 80 degree-shifted sine-squared bells in the indirect dimensions. All

data processing for the complex was performed using Azara (Wayne Boucher,

unpublished) and interactive assignments were done using ANSIG 3.2 (Kraulis,

1989; Kraulis et al., 1994). Maximum entropy (Laue et al., 1986) or linear

prediction extension of the indirectly-detected dimensions (Olejniczak & Eaton,

1990), and low frequency filtering of the water signal in the direct dimension

(Marion et al., 1989c) were used when needed and available.

ASSIGNMENT STRATEGY

o-LP is a primarily B-sheet protein of 198 amino acids, which includes 32

glycines and 24 alanines. The large size precludes the use of 2-D NMR for

resonance assignment, due to extensive overlap (less than 25% of the amides

have unique chemical shifts). 3-D 15N-edited experiments such as NOESY

HMQC are helpful, but are not sufficient for complete assignment, because of the

paucity of sequential HN-HN NOE peaks in the extended strand regions.

Although there are strong sequential Ho-HN peaks in the B-strands, there is far

too much overlap in the Ho region to determine from which residue the Ho.

signal comes. 57% of the protein is made up of just 5 different amino acids (A, V,

S, T, and G), so the sequential NOESY connectivities were often ambiguous.

Fortunately, these same amino acids usually have unique Co/CB fingerprints

(Grzesiek & Bax, 1993a), so when we implemented the experiments that give the

} | .
/ !

".■ *r
º-
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Co. and CB resonances, there were many opportunities to confirm the sequential

assignments.

Native Enzyme: Our strategy for assigning o-LP, diagrammed in Fig. 1, has

followed in part the advance of the field, and in part the improvement in our

instrumentation. The original triple-resonance scheme proposed by Ikura et al

(1990) is based upon linking up 13CO and carbonyl resonances, and relies on five

experiments that would, in theory, provide the necessary resonance correlations.

The initial set of publications detailed workable pulse sequences, but without

many features that can lead to higher sensitivity, such as constant time and

refocusing of 15N magnetization that is antiphase with respect to protons. In

addition, we had some difficulties implementing triple-resonance experiments

on our 500 MHz spectrometer. As a result, our initial experiments suffered from

poor resolution and sensitivity, and did not have a complete set of peaks. The

assignment process was begun by assigning arbitrary numbers to identifiable

amides, and trying to identify the intra-residue Co., Ho and carbonyl from

HNCA, HOHAHA-HMQC, and HCACO. A table was made of all spin systems

and their backbone resonances, then columns were added corresponding to the

preceding Ca and carbonyl gleaned from HNCO and HN(CO)CA experiments.

We sorted the list in order of preceding Co., and then for any residue with a

known intra-residue Co., candidates for its succeeding residue can be found by

selecting all residues whose preceding Co. is a close match. For example, if one
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WNCA

CA)HA – HAHNHº. TºTüß HN
HOHAHA-HMQC| HA1 - |

N *N(CA)HA-GlyT HA2 TNCA)HA-GLY N

HNCACE CB CBC Aconsº

| | | |

Intra-residue Experiments Sequential Experiments (i to i-1)

Figure 1: Diagram of assignment strategy. Our strategy provided
unambiguous connections between sequential residues. The amide proton
nitrogen pairs were used as anchors, and experiments were chosen that would
provide either sequential or internal correlations between the amide pair and
one or two other resonances. Three resonances were correlated with each

amide, and connected sequentially. Additionally, the carbonyl provided a
connection between an amide pair and its preceding Co-Ho pair. This relies
on a properly assigned alpha pair, however, so it was used more as a check
than as a primary sequential connection. The HNCA)HA-GLY experiment
provided its own sequential connections, but this is sufficient, because in the
common case of an isolated glycine, the next residue will already have been
identified as a non-Gly (generally from its Co. chemical shift), and in the rarer
case of sequential glycines, the C-terminal one may have all four Ho peaks,
and the preceding one only its own two. The TOCSY-HSQC can serve as a
check for many of these, but since it is dependent on the variable coupling
Constant J HN-H, , Some peaks can be missing.
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spin system had a Co. chemical shift of 55.0, then a look at the 55.0 region of the

list that was sorted by Con-1 would provide all the candidates for the next

sequential spin system. Of the candidates, hopefully only one will have a

matching carbonyl as well, and if so, it is a positive sequential connection.

Another sequential link was provided by the HCA(CO)NNH (Boucher et al.,

1992a). This experiment was published as a 4-D experiment, but we felt it was

more effective to run two 3-D experiments, to take advantage of the increased

resolution. Since the HN-N correlations are well-resolved in almost all cases,

there is little loss of information in this choice. When used in conjunction with

the HOHAHA-HMQC and HN(CA)HA, this experiment provided a third

resonance to correlate sequential residues. The drawback of the experiment was

that it did not provide connections to glycine residues (of which there are 32 in o

LP). Since the chemical shift dispersion of glycines is narrow in Co., and many of

them had almost degenerate Ho chemical shifts, they could not be easily

assigned until we had a good experiment to correlate Gly Hos with their amide

resonances. We tried an HNCA)HA using an HMQC for the Ho labeling step

(Seip et al., 1992), reasoning that the HMQC should not select against methylene

groups, but it, too, failed to provide glycine Hos. Finally, we implemented an

HN(CA)HA-GLY experiment (Wittekind et al., 1993), which we modified to take

full advantage of the gradient capabilities of our new instrument (using the
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modifications described by Muhandiram & Kay, 1994), and which gave excellent

results.

Since acquiring a spectrometer with gradient capabilities, our general

practice has been to alter every amide-detected sequence to exploit pulsed field

gradients (as we modified the HNCA)HA-GLY). We have also incorporated

optimization techniques, such as water flip-back (Grzesiek & Bax, 1993b; Kay et

al, 1994). From the enormous increase in spectrum quality seen in optimized

experiments and our experiences with assigning the complex, it is clear that the

assignment process would be much more straightforward if we were starting

today, when every experiment would be better optimized.

For the final stage of the assignment process we implemented two

resolution- and gradient-enhanced experiments that would provide another

connectivity: the CBCA(CO)NNH (Grziek & Bax, 1992) and the HNCACB

(Wittekind & Müller, 1993). These optimized experiments allowed us to confirm

our sequential assignments, correct any errors, and fill in a few blank regions

where the signals were weak or missing on some of the earlier experiments. In

addition, these experiments provided CB assignments with no additional labor.

Our assignments are based upon the correlation of four different resonances, CO,

Co., CB, and Ho, that are determined for both intra-residue and sequential amino

acids. This system for backbone assignment is over-determined, resulting in a

high confidence level for the backbone assignments presented in this report.
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Assignments of the Inhibitor Complex: The complex was assigned in a

straightforward manner. Given a convenient starting point identified using the

native spectra, the goal was to use the connectivities inherent in the HNCACB

experiment coupled with the more sensitive CBCA(CO)NNH experiment to

clearly identify Co. and CB nuclei connected to the current and previous residues.

Walking backwards through the sequence should result is complete, sequential

assignments. Because of the large number of glycines, it was imperative to use an

experiment optimized for seeing the two Ho nuclei such as the H(CA)NNH (Gly)

(Modified from Boucher et al., 1992b).

RESULTS

Assignments: Following the procedure outlined above, we were able to

assign 98% of the backbone spectrum of the free enzyme, and 100% of the amides

in the inhibitor complex. Early HNCA, HNCO, HNCO)CA, and HCACO

experiments, which suffered from low resolution and sensitivity, provided a

surprisingly small number of connectivities. We were able to assign many

stretches of 2 to 5 residues, and a few as long as 10, but there were too many

branches or missing peaks, and assigned stretches terminated in question marks.

Alanine has a unique HOHAHA-HMQC pattern, and glycine has a unique Co.

chemical shift range, so using these residues as landmarks (they constitute 28%

of o-LP) we sequentially assigned several of the longer stretches. However, most

of the spectrum was not sequentially assigned at this point.
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One reason for the ambiguity, besides peaks missing due to low sensitivity,

is that the intra-residue carbonyl assignment relies upon a positive connection

from the HCACO, which in the absence of gradient capabilities is a D2O

experiment. Thus, the matches required involve matching chemical shifts taken

in D2O with those taken in H2O. The difference in conditions can lead to

variation in chemical shift of any of the resonances, most notably that of the

carbonyl. In the crowded regions of the spectrum it was not always possible to

assign the carbonyl of every residue, which lead to many ambiguities in

sequential linkages. A solution to this problem is to run the H2O experiment

HN(CA)CO (Clubb et al., 1992b). However, we were unable to implement this

experiment on our 500 MHz spectrometer, due to memory overflow when we

tried to decouple protons after 15N refocusing. We re-wrote the sequence without

refocusing, but its sensitivity was very poor.

The HCA(CO)NNH and HN(CA)HA experiments added another link which

resolved almost all the ambiguities except those involving glycines (which were

invisible in these experiments). Longer stretches of linked residues allowed us to

assign most of the backbone sequence specifically, leaving only a few regions,

and some glycines, unassigned. These final few unknown residues were rapidly

assigned when we collected HN(CA)HA-GLY data and the experiments linking

the CBs. There were three residues, G141, D142, and S143 (S195 in chymotrypsin
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numbering)”, that were never found in any of the amide-detected experiments.
8 y p }}

/

The possible ramifications of the missing peaks are discussed below. To ---

illustrate the effectiveness of the CB linkage, Figure 2 diagrams a series of links

from the HNCACB and CBCA(CO)NNH experiments.
*

Assignment of the inhibitor complex was quite routine. Gly 198 was

identified in the 15N-HSQC spectrum of the complex based on its chemical shifts

from the native asignments. Gly 198 was then readily identifiable in the three 3-D

experiments used for assigning the complex: CBCA(CO)NNH, HNCACB, and

H(CA)NNH-Gly. From there it was a straightforward task to walk backwards

through the sequence using the CBCA(CO)NNH to provide connectivity of the

current amide to the previous sidechain and the HNCACB to identify the current

sidechain for each sequential amide group. The large number of glycines

randomly dispersed throughout the sequence provided an additional set of

convenient landmarks to ascertain that no large scale error had occurred. Since

the H(CA)NNH-Gly experiment provided connectivity between a preceeding

Gly and any subsequent residue, the linkages provided were crucial for correctly

traversing through Gly-Gly pairs and for establishing the correctness of the

*o-LP numbering varies among different sources. For clarity, in this paper we use

Sequential numbering, while occasionally providing the chymotrypsin homology number for a --

particularly important amino acid. >
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Figure 2: Sequential connectivities using HNCACB and CBCA(CO)NNH.
CBCA(CO)NNH spectra are longer, while the HNCACB, which were collected
with a smaller spectral width, are the short strips. Each bracketed pair of strips
is both spectra from a single residue. CBCA(CO)NNH spectra only have the
two peaks from the previous residue (one for Gly), and HNCACB have both
intra- and inter-residue peaks. (Co. of S22 and V23 overlap in the V23 spectrum).
S18 CB is aliased in the HNCACB, so appears on the other edge of the spectrum.
Otherwise the connectivities are unambiguous and obvious. Every intra-residue
peak in an HNCACB is linked to both spectra for the following residue. The
HNCACB sequence inverts the phase of the CB resonances, indicated by dotted
Contour lines.
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assignments. This information as well as the native assignments were used to

navigate through a very few ambiguous assignments. Alternatively, with a little

extra effort due to backtracking over incorrect choices, the characteristic chemical

shifts of especially the CB atoms could be used. While considered unnecessary

for the current study, in the absense of any other assignment information, it

would be advisable to also use a TOCSY-HSQC or HN(CA)HA in combination

with an HBHA(CACO)NNH to deal with the inevitable few uncertainties.

Due to difficulties in observing the active site residues G141, D142, and S143

(see below), in the initial pass these residues were skipped over and the

sequential assignments were re-initiated with R140. Although it was necessary

to go to very low contour levels to find these peaks, they were assignable by

approaching them from either side in the sequence. After all were assigned, we

compared the assigned 2-D spectra (as in Fig. 4), and observed that the changes

in chemical shift were consistent and sensible; no amide peak moved to a

completely different region of the spectrum, and those with the greatest change

were closest to the inhibitor.

A plot comparing the change in amide chemical shift upon binding with the

distance from the nearest point on the inhibitor demonstrates a clear inverse

correlation between distance and magnitude of change (see Fig. 3a). The greatest

shifts are found within about 8A of the bound inhibitor, but significant shifts are

propagated as far as 15 A from the inhibitor. In Fig. 3a, circles represent amides

weakened by exchange broadening. Fig. 3b illustrates the moderate correlation
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Figure 3: Scatter plots comparing change in chemical shift upon inhibitor binding to:
(A) Distance of amide from inhibitor; (B) Change of nitrogen coordinate (A) from the
crystal structures of the bound and unbound; (C) Change in DSSP hydrogen bond
strength from crystal structures. In (A) and (B), the chemical shift was the total of the
magnitudes of the nitrogen and 10x the hydrogen chemical shifts, while in (C), only the
hydrogen chemical shift difference was used. In (A), circles represent amides whose
resonances are weakened by chemical exchange in the unbound spectrum due to
peptide binding. This weakness is correlated with nearness to the active site and to
some degree with chemical shift change. A moderate correlation is seen in (B) between
nitrogen displacement and chemical shift change upon binding. In (C), a linear
correlation is seen between h-bond strength and proton chemical shift, as described by
Wishart et al. (1991), though the slope is different. But they compared A ch. shft. from
random coil, while here we compare only the change upon inhibitor binding.
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between chemical shift change and the amount of displacement of the amide

nitrogens between the crystal structures of the free and inhibited enzyme, when

they were globally superimposted. Wishart et al. (1991) described a linear

correlation between amide "H chemical shift and the strength of the hydrogen

bond. Since several of the hydrogen bonds are altered upon binding (and one is

formed to the inhibitor, upper right corner of Fig. 3c), we looked for a similar

correlation between the AH-bond and A'H chemical shift. The linear correlation

is apparent in Fig. 3c. The only points shown are those where the hydrogen bond

strength changed by a magnitude of at least 0.4 Kcal.

The backbone and CB assignments of the uncomplexed enzyme are given in

Appendix 1, and the inhibitor complex assignments are in Appendix 2. Figure 4

shows an overlay of two refocused HSQC 15N-1H correlation spectra, with the

uncomplexed spectrum in black and the enzyme-inhibitor complex in colors. The

excellent amide chemical shift dispersion is evident; while there are many peak

groups with overlapping contours, in only one or two pairs of resonances in each

Figure 4: (Next page) |H-15N correlation spectra of o-lytic protease
showing assignments of the native protein and the complex with boronic acid
inhibitor Boc-Ala-Pro-BVal. The native spectrum is shown by black peaks, and
the complex overlaid in colored peaks. Blue peaks with black labels are peaks
whose position is essentially unchanged in the complex. Green peaks with green
labels are those that shift in the complex, while red peaks and labels (including
the one in the inset, which is shifted far up in proton frequency) are in the active
site, and are only present in the spectrum of the complex.
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spectrum (A116/Q190 in free, G6/S18 and T106/N162 in complex) are the

centers of the peaks indistinguishable when separated out in a 3-D experiment.

The three amino acids missing from the native spectrum were present in the

spectrum of the complex, and are colored red in Fig. 4.

Secondary Structure Evaluation: With backbone assignments in hand, the

secondary structure of o-LP in solution could be compared with the crystal

structure. Both chemical shifts and inter-residue NOESY peaks were used for the

analysis. The chemical shift index was calculated with the program CSI (Wishart

& Sykes, 1994), using o, B, and carbonyl carbon and o proton chemical shifts.

Secondary structure was calculated from the crystal structure using the program

DSSP (Kabsch & Sander, 1983). CSI found most of the various beta strands, and

also identified about 2/3 of the alpha helix. To compare the NOESY crosspeaks

with the crystal structure distances, we used a 3-D NOESY-refocusedHSQC

(Davis, 1995). This experiment was written to take advantage of the fact that

refocusing edits out the NH2 proton signals, allowing the detection of HN-HN

backbone crosspeaks that would otherwise be buried in the extremely intense

peaks from NH2 geminal pair cross-relaxation. The expected intensities of

sequential backbone crosspeaks and also HN-Hai-3 crosspeaks (expected in the

short helical region and in turns) were estimated from the distances in the crystal

structure. There was a strong correlation between the intensity of the observed

NOESY peaks and the expected intensity, indicating a substantially similar

secondary structure exists in the two protein environments. Figure 5 shows the
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Figure 5: Sequential connectivity diagram of the unbound enzyme. Intensity of
the NOESY peak between Ho or HN and the following HN is indicated by the
height of the bar. Consensus Chemical Shift Index (CSI) was determined from
chemical shifts of C, Co, CB, and Ho by the program CSI (Wishart and Sykes,
1994). Positive value indicates sheet propensity, and negative indicates helix.
Secondary structure was determined from the crystal structure by DSSP (Kabsch
& Sander, 1983). NH protection is indicated by a circle; open circles indicates
weak protection under the exchange regime described in the text.
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CSI results and the sequential backbone connectivities found in the NOESY

experiment. The intensity of the crosspeaks are directly indicated by the height

of the black bars. In almost all beta regions, the sequential amide - amide

crosspeaks are extremely weak, and the amide - alpha peaks are moderate to

strong.

Amide Protection: The protocol used to exchange solvent-accessible amide

protons with D2O should result in a spectrum showing only amides with

protection factors greater than about 10° (compared with short, unstructured

peptides). The exchanged HSQC spectrum showed 128 assignable backbone

peaks (indicated in Fig. 5), as well as one HNe of an arginine. Of the 128

backbone peaks, 17 were substantially weaker than the others, shown as open

circles in Fig. 5. Expected protection was calculated from the crystal structure

with the program DSSP (Kabsch & Sander, 1983). The general backbone

hydrogen bonding network was reflected in the protection pattern, but there

were 13 protected peaks that were not part of a backbone hydrogen bond, and

were reasonably solvent-accessible. Visual inspection of the crystal structure

using MidasPlus (Ferrin et al., 1988) revealed that seven of these hydrogens were

involved in hydrogen bonds to side-chain oxygens. Three threonines and two

other residues (E8 and R183) have no apparent mechanism for protection, which

suggests that the quite limited accessibility is the result of 3D structural

constraints and not direct hydrogen bonding.
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DISCUSSION

Assigning o-LP was a long project, but this was mostly due to the evolving

state of the art, and of our instrumentation. Our data clearly show that with

optimized experiments, assigning a protein of this size is, if not routine, at least a

reasonable task. However, o-LP is an ideal protein for NMR studies, since it is

highly soluble and monomeric, can be produced in large quantities, and has a

single tight structure. Proteases are by their nature well structured, so NMR is

likely a good technique for their structural study.

The assignment of the enzyme-inhibitor complex was performed with just

three experiments, HNCACB, CBCA(CO)NNH, and H(CA)NNH-Gly. While the

knowledge of the free enzyme assignments certainly helped, the data collected

would probably have sufficed even in the absence of these assignments. These

three experiments also proved invaluable in finishing up the assignments of

uncomplexed o-LP.

In future assignment projects of this nature, we would attempt to assign as

much of the protein as possible using only the HNCACB and CBCA(CO)NNH

experiments on 13C/15N protein. Proteins of moderate size have been assigned

de novo using primarily the HNCACB and CBCA(CO)NNH experiments

(Benjamin et al., 1995), and our data indicate that these two experiments would

be sufficient for the assignment of some proteins as large as 200 residues

However, for robustness, we would strongly suggest the using either another
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3D experiment such as an HNHA that would couple the Ho nucleus of previous

and current residues to the current amide or a 4D CBCA(CO)NNH. In any

event, it is clear that sequential linkage of the o/3 pairs is a powerful assignment

tool, because the chemical shift dispersion is 60 PPM in the CBS, and 25 ppm in

the Cos, resulting in very few degenerate Co/CB pairs. In addition, Thr, Ser, and

Ala residues are immediately distinguishable by their Co./CB chemical shifts,

and most others have characteristic ranges (Grzesiek & Bax, 1993a), particularly

in the CB, whose chemical shift is less sensitive to secondary structure.

Missing and weakened peaks: We have attempted to determine the

mechanism that results in the three peaks that are missing from the spectra of the

native enzyme (G141, D142, and S143), by altering the solution conditions. S143

is the active site serine (S195 in chymotrypsin numbering). Its amide and that of

G141 form the oxyanion hole that stabilizes the negative charge on the carbonyl

oxygen that develops during catalysis. G161 (G216) borders the active site and

appears to flex in the presence on inhibitors of varying size, and is broadened in

the native spectra. In addition, G144-G145 and M158 - G160 are all weaker than

average in 2-D HN-N correlation spectra, indicating line broadening. A single

mechanism could be responsible for both the broadened and missing peaks, or

there could be several separate mechanisms.

G141 and S143 could be broadened to invisibility by rapid exchange with

solvent, since they are ideally positioned to hydrogen bond with an anion in the
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binding pocket. However, two neighboring weakened peaks, G144-G145, are

protected in the deuterium exchanged sample, proving that at least for those two

peaks a mechanism other than amide exchange leads to broadening. The third

missing amide, D142, is hydrogen bonded in the crystal structure, but since it is

flanked on both sides by missing amides, it is isolated from assignment by the

techniques described in this paper. A search of the various spectra for an

unassigned spin system, and of the NOESY for possible crosspeaks to nearby

protons, came up with no good candidates for D142, suggesting that it too may

be strongly broadened.

We have considered the possibility that the catalytic His side chain might be

moving, and broadening their lines by changing their chemical shifts. However,

there is no crystallographic evidence for substantial motion of the histidine side

chain; further, the B factors for the side chain in both native and inhibited

complex structures are very low (< 12.0). In the crystal structure, a sulfate is

bound at the active site, which might stabilize the histidine ring. But a 2-D HSQC

of a sample including 20 mM Na2SO4 showed no additional peaks, and no

changes in the spectrum. 2-D HSQC spectra acquired at different temperatures

(15°, 25°, and 45° C.) indicated no obvious new peaks. However, we may have

missed some peaks, because at low temperatures all the peaks are broadened,

and at higher temperatures autolysis is accelerated, and new peaks can appear

from degradation products.
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A spectrum from a sample containing 1.0 mM EDTA also showed no

changes, and the neighboring residues (G144-145) were still broadened. This

eliminates the possibility that a paramagnetic metal ion is binding to the active

site and causing line broadening.

The most likely mechanism that could account for the entire active site line

broadening is intermediate exchange between unbound protease and the various

cleavage product peptides that invariably accumulate in an active protease

sample. The products would come in many different sequences and sizes, so

there would be no single alternative conformation, but just a general weakening

of the peak. The observation that many of the peaks that are most shifted upon

the addition of inhibitor are also broadened supports this idea (open circles in

Fig. 3a).

An intriguing observation is that in the recently published assignments of

subtilisin 309 (Remerowski et al., 1994), the amide resonance from the catalytic

serine was missing, and its neighboring amides broadened. While the subtilisin

family is not structurally homologous to the chymotrypsin family, it has the

same catalytic triad. In subtilisin, though, only one backbone proton (from the

catalytic Ser) is donated to hydrogen bond with the substrate. The other proton

(from G141 in o-LP) is provided by an Asn side chain. Thus the fact that only the

catalytic Ser and not its neighbors is missing in subtilisin matches the pattern

seen in o-LP. If the mechanism(s) that broaden the resonances of the active site

are linked to the protein's binding or kinetic properties, perhaps the same

:
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mechanisms are at work in both proteins, and further studies would be

illuminating.

CONCLUSIONS

We have assigned the backbone of o-LP, both uncomplexed and when

bound to the peptide transition state mimic Boc-Ala-Pro-BVal. The high quality

of the spectra and the reasonable sensitivity of even complex experiments like

HNCACB suggest that complete assignments and a good solution structure will

be possible, which will make o-LP among the largest monomeric NMR protein

structures determined to date. While the native assignments took a great deal of

effort and time, much of that time was spent implementing experiments and

improving instrumentation. Based on our most recent experiences with assigning

the complex, in the future, with optimized spectrometers and experiments, a

project of this size or larger should be much more accessible. The combination of

a high resolution crystal structure and extreme stability of the enzyme makes

these assignments a valuable addition to the database for studies on the

relationship between structure and chemical shifts.

The assignments reported here will allow us to perform experiments on o

lytic protease that will help us understand its solution structure and folding

pathway, and the dynamics of the active site. The combination of backbone

assignments, X-ray crystallographic data, biochemical, and other biophysical

studies makes o-LP a paradigm for pro-assisted folding. The 128 slowly
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exchanging amides can serve as probes for HX experiments. Such studies on the

folding intermediate, the early folding pathway, and the unfolding pathway

should help us to understand better the mechanism of pro-assisted folding, and

the manner in which stability and remarkable protease resistance is achieved by

extracellular bacterial serine proteases, all of which have pro regions. In addition,

o-LP has been an excellent model for protein engineering and structure/function

studies, and backbone assignments will allow dynamics studies to probe the role

of motion in modulating specificity. Broadening of amide lines has been

observed in the region bordering the substrate binding site, suggesting chemical

exchange on an intermediate time scale. If we can determine more precisely the

nature and extent of the motions, it should then be possible to understand more

about how flexibility and dynamics relate to substrate binding and specificity.

Future studies using various mutants and inhibitors will help us determine these

possible roles.
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CHAPTER 5

PREFACE

It has been long supposed that protein dynamics play an important role in

enzymatic reactions. We know that proteins are not rigid structures, but that

every atom is undergoing dynamic motion on various time scales, some to a

greater extent than others. However, the precise role played by these motions

in substrate binding, catalysis, and release is unknown. In the case of o-LP,

Roger Bone's work in the late 1980's indicated that the pattern of atomic

displacements in crystal structures of mutated or bound proteins were crucial

to modulating patterns of specificity. This led to the hypothesis that these

static displacements represented dynamic motions and vibrational modes of

the protein. My earliest work in the Agard lab, as a rotation student, involved

applying a mathematical technique (factor analysis) to the sets of crystal

structures to try to isolate coherent features of these displacements, which

could be interpreted as indicators of the normal modes of the protein.

Although the project was never completed, it led me to a more direct,

experimental approach to the dynamical analysis of O-LP.

The relaxation rates of spin-1/2 nuclei are modulated by the overall and

local motions of the molecular structure. In principle, analysis of relaxation

rates could result in an exact determination of the motions that the nuclei are

undergoing. In practice, certain types of motions have stronger effects than
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others, and there are too many factors to completely analyze. Qualitative

indications of motion, however, can be gleaned from the relaxation rate data.

The most common method for analyzing relaxation rates has been the Lipari

— Szabo formalism termed “Model Free Analysis", which actually requires a

model (in terms of which motional rates to consider), but is free of a

particular motional model (such as wobbling in a cone). I had intended to use

this technique, but a new analytic technique has appeared that I believe is far

superior, and I was fortunate to receive expert advice in its implementation. I

will call this formalism “Reduced Spectral Density Mapping" (RSDM), and it

differs significantly from the Model Free approach by analytically determining

the population that is moving at three different frequencies. I think the

results are both more robust and easier to understand and interpret. Kwaku

Dayie in Gerhard Wagner's lab helped me with the RSDM, since he had

helped write the programs to perform the analysis.

This chapter is in preparation for publication. An afterword describes my

Suggestions for future directions.
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CHAPTER 5

BACKBONE DYNAMICS OF O-LYTIC PROTEASE, BOTH FREE AND

INHIBITED, FROM *N NMR RELAXATION MEASUREMENTS

Keywords: Reduced Spectral Density, Serine Protease, Structure -

Function, Boronic Acid Complex
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ABSTRACT

The backbone dynamics of unbound and inhibited o-lytic protease have

been investigated using “N relaxation measurements. The enzyme was

inhibited using the peptide boronic acid transition state analog N-tert

butyloxycarbonyl-Ala-Pro-BoroVal. Arrayed 2-D NMR spectra were acquired

to measure Ti, T2, and steady-state {H}-”N NOE of >95% of the backbone

amides in both protein samples. Values of the spectral density function J(@) at

0) = 0, GON, and (OH were derived from the relaxation results using Reduced

Spectral Density Mapping, wherein J(OH) is set equal to J(@H + (ON) and J(OH

(ON). Q-Lytic protease has an overall rotational correlation time to of 8.1

nanoseconds. The resultant spectral densities were interpreted to indicate

regions of faster motion (increased J(OH) and decreased J(ON) and J(0)) and of

intermediate chemical exchange (increased J(0)). The protein has about nine

locations with increased motion on a fast time scale; these generally fall

between secondary structural elements and correlate with higher crystal B

factors. There are also several stretches that undergo chemical exchange on a

msec - usec time scale, which may indicate motion or other processes that

cause temporal chemical shift changes. A non-arrayed, parametrically-varied
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T; study with a 2msec delay between CPMG It pulses gave indications of the

degree to which chemical exchange was due to degradation product binding.

A comparison of spectral densities for both the free and inhibited enzymes

reveals that among the rapidly moving sites, most are not stabilized by the

presence of the inhibitor, but the stretches undergoing chemical exchange are

generally around the active site and most are stabilized by the presence of the

inhibitor. Overlays of crystal structures of o-lytic protease with different

inhibitors and/or binding pocket mutations suggest that the regions G160

Q164 and N122 - A124 (sequential numbering) flex to accommodate the

packing alterations. Our results show that many of these same residues have

significantly high J(0) values which are stabilized by the inhibitor, and which

are at least in part caused by nonspecific peptide binding, and some have

increased J(oil) as well. Other regions that may be important for binding

apparently undergo motions on an intermediate time scale that are

independent of peptide concentration. The pattern of dynamic activity

around the binding pocket indicates that the binding sites for all substrate

residues except the one at the cleavage point undergo significant motions.

This in turn suggests a mechanism by which the enzyme confers specificity to

only the cleaved residue, but not to the remainder of the bound substrate.

Other implications of the results for increasing our understanding of

substrate binding are discussed.
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INRODUCTION

The exact means by which enzymes bind substrates and catalyze

reactions are of great interest to structural biologists. Crystal structures of

enzymes bound to substrate and transition state analogs have helped

determine the reactive mechanisms and binding sites for many enzymes.

While molecular structures represent an average static conformation, we

know that proteins are highly dynamic. The exact role played by dynamics in

the specificity and activity of enzymes is not known, though many believe

that dynamics are important (e.g. Williams, 1989), and the idea of a dynamical

‘induced fit' has been suggested (e.g. Bennett & Huber, 1985). In those cases

where an induced fit model of substrate binding applies, one would expect

some type of dynamical behavior in the region involved in contacting the

substrate. One goal of this study is to look for evidence of the kinds of

backbone motions that could result in an accommodation of the enzyme to

various substrate geometries. NMR relaxation can probe the dynamic

behavior of individual protein sites, and several proteins have been studied

both free and bound to a ligand. While in some studies, the active site was

found to be stabilized by ligand binding (Nicholson et al., 1992; Akke et al.,

1993), in other studies the results were more mixed (Farrow et al., 1994). Thus,

the relationship between enzyme dynamics and substrate binding is not

obvious, and further study may be illuminating.
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A central focus of of our laboratory's research has been to understand

the fundamental structural basis for an enzyme's observed pattern of

substrate specificity. Towards this end we have been combining x-ray

crystallography, mutagenesis, kinetic analysis and now NMR dynamics

studies to probe such structure-function relationships using o-lytic protease as

a model system. O-Lytic protease (o-LP)' is an extracellular bacterial serine

protease of the chymotrypsin family produced by the soil bacterium

Lysobacter enzymogenes. The mature form consists of 198 residues, and its

crystal structure has been solved to high resolution (Fujinaga et al., 1985). o

LP has been an excellent model enzyme for studies of structure/function

relationships (Bone et al., 1987; Bachovchin et al., 1988; Bone et al., 1989; Bone

et al., 1991a, 1991b), and has recently been shown to require a pro region for

proper folding and refolding (Silen et al., 1989; Baker et al., 1992).

Key to our structural studies has been the use of potent peptide

inhibitors that mimic the tetrahedral trasition state, allowing us to examine

interactions that might occur in the reaction transition state or in nearby

tetrahededral intermediates. Perhaps the most useful has been a set of

' Abbreviations used: a-LP, o-lytic protease; HSQC, heteronuclear single quantum

coherence; NOE, heteronuclear nuclear Overhauser effect; RSDM, Reduced Spectral Density

Mapping; CPMG, Carr-Purcell-Meiboom-Gill sequence; FID, Free Induction Decay; Boc, N-tert

butyloxycarbonyl-, BVal, BoroValine.

=
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peptide boronic acid inhibitors having different amino acid side chains in the

specificity determining position. Crystallographic analysis of a number of

point mutations in the binding pocket that result in both high activity and

extremely broad specificity indicated that the protease has a remarkable ability

to adjust conformation to optimally accomodate substrates. When a family of

such highly-refined structures are superimposed using all Co. cooridinates,

the result is that certain residues in the binding pocket move in response to

the altered side chain packing, while others remain precisely superimposable

(see Fig. 1; Rader et al., 1996; Bone et al 1989, 1991a). While such pictures in fact

represent static views of discrete enzyme-inhibitor complexes, they are quite

suggestive of dynamic motion. Although crystallographic B factors can

provide an indication of chain flexibility, the remarkably small backbone B

factors observed in the binding region for all the structures give little insight.

A fundamental question is whether the enzyme conformations observed in

the discrete complexes are within an envelope that can be dynamically

sampled by the uncomplexed native enzyme.

NMR relaxation measurements have been used successfully to study the

dynamic nature of protein backbones for motions ranging from milliseconds

to picoseconds (Wagner, 1993). "N relaxation probes the motions of the
backbone NH bond vector, and can indicate motions both faster and slower

than the overall rotational correlation time tº. In this report we use a

Reduced Spectral Density Mapping (RSDM) method (Farrow et al., 1995a,b;

*
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Figure 1: Overlay of five globally-matched crystal structures, showing the
flexibility of the active site upon binding different inhibitors. In black is one
boronic acid inhibitor, Ala-Ala-Pro-boroVal; the other four protein structures
are bound with A-A-P-boroAla, -boroLeu, -borolle, and -boroPhe (inhibitors
not shown). The backbone shifts to accommodate the different sized P1 side
chains. The regions of greatest apparent backbone flexibility are G160-V163
and N122-Y123. Figures like this one (Bone et al., 1991a) raised the questions
regarding active site flexibility and dynamics addressed by this study.
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Wagner, 1994; Ishima & Nagayama, 1995, Peng & Wagner, 1995) to analyze

the "N relaxation of backbone amides in native a-LP, both alone and

complexed with the peptide transition state mimic N-tert-butyloxycarbonyl

Ala-Pro-BoroVal (Boc-Ala-Pro-BVal, K = 0.35 nM). The analysis was

performed with 15N T1, T2, and {1H} - 15N NOE (cross-relaxation) rates. We

were particularly interested in observing motions that were altered upon

inhibitor binding. We will also compare the observed dynamics with the

crystal structures to look for correlations with apparent flexibility and

measured B-factors.

MATERIALS AND METHODS

Sample Preparation: "N-labeled a-LP was produced using the native host

L. enzymogenes and purified as described previously (REF), using *N-labeled

glutamic acid (Cambridge Isotopes Labs) and "N-labeled Celtone (Martek).

Purified enzyme was dissolved in H2O buffer containing 40 mM sodium

acetate (deuterated), 40 mM sodium chloride, and 7% D2O, pH 4.0, then

concentrated in a Centricon(8) filter (Amicon) to a volume of 250 pul, with a

final concentration of 2.5-3.0 mM. The sample was then put into a reduced

volume NMR tube (Shigemi) which uses matching glass plugs above and

below the sample to minimize the necessary sample volume. Fresh samples

were purified for each stretch of instrument time used. The inhibitor

complex sample was prepared the same way, except that before the final
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concentration step inhibitor was added until measured activity dropped to

near zero, then the pH was adjusted to 4.0. The estimated concentration of

the inhibited sample was 2.0 mM. Samples were degassed in the tube by using

the plunger to create a partial vacuum and extract the bubbles, while running

N2 over the top of the tube.

NMR Spectroscopy: All experiments were recorded at 35° C. on a

Varian Unity-plus 600 MHz spectrometer equipped with a triple-resonance

probe and actively-shielded gradients. The pulse sequence used for the T2

measurement is shown in Fig. 2; T and heteronuclear NOE experiments

were written in a similar manner. The sequences combine certain features

from those published by Farrow et al. (1994) and Farrow et al. (1995a),

including semi-constant time (Grzesiek & Bax, 1993; Logan et al., 1993; Davis,

1995). We did not use extra shaped pulses to prevent water saturation, since at

pH 4.0 there is minimal exchange with solvent. An additional element

allows the experiments to be arrayed (Davis & Benjamin, in preparation) (see
below).

T1 and T2 spectra were acquired with 1K x 128 complex points and

*Pectral widths of 10000 Hz and 2460 Hz in tº and ti, respectively. Each FID

$9ntained 16 scans, and 64 dummy scans preceded the experiment. For the Ti

ºneasurements, delays of 16, 64, 128, 224, 336,480, 720, 1008, and 1440 msec

**re arrayed, and the shortest one repeated for error estimation. The phase
Sycling was arranged to cause the T1 magnetization to relax to zero (Sklenar et
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Figure 2: Gradient- and sensitivity-enhanced pulse sequence for measuring *N
T, relaxation rates. Semi-constant time is used in ti (Grzesiek & Bax, 1993;
Logan et al., 1993). Narrow and wide bars denote 90° and 180° pulses,
respectively. All unmarked pulses have phase x, and other phases are as follows:
$1 = x,-x; $2 = x,x,y,1)-x,-x,-y-y; $3 = x; }rec = x,y,w,x. $3 and G6 are inverted for
the second slice of each t 1 increment to create hypercomplex data after sorting
(Kay et al., 1992). 61 and brec are incremented by 180° each tº increment. Delays
were Sa- 2.25 ms, 6, = 2.75 ms, T = 500 ms, d1 = 1.3 seconds. t can be adjusted or
arrayed to determine the contribution of chemical exchange to the measured T.
For semi-constant time, N = number of time increments in ti, sw = spectral width
in Hz. p90 and no) = proton and nitrogen 90° pulses, respectively, and t 1=
Surrent evolution delay. Then set e = (2° sw “6)/(N-1), and calculate A- (g “t■ )
* (2° poo) + (2° no0/1), and A, -(1-c) * tr The following gradient strengths
*nd times were used: G1 =5G/cm, 1 ms; G2=5G/cm, 1 ms; G3 = 4G/cm, 0.5
*S; G4 = 10 G/cm, 1 ms; G5 = 8 G/cm, 1 ms; G6 = 30 G/cm, 1.21 ms; G7 = 4
S/cm, o.5 ms; G8 = 27.9 G/cm, 0.125 ms. The strength of G8 was adjusted for
*aximum signal before acquisition. WALTZ-16 decoupling (Shaka et al., 1983)
With a field strength of 930 Hz was applied to 15N during acquisition.

i &A. A. öb"A1 WALTZ

L
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al, 1987). The T2 measurement on the native used 0, 14, 28, 42, 56, 70, 84, 113,

and 141 msec delays, and the T2 on the BVal complex used 8.6, 17.3, 34.6, 51.8,

69.1, 86.4, 112.3, and 138.2 msec. Non-arrayed T2 experiments with similar

relaxation delays were also performed with a 2000 pisec delay between CPMG

pulses. Relaxation delays between scans were 1.3 to 1.5 sec., depending on

spectrometer scheduling. The steady state NOE measurement was an arrayed

experiment with 1K x 170 complex points in to and ti, the same spectral widths

as above, and 32 scans per FID. 2 dummy scans preceded each FID to ensure

that no residual saturation was passed from the saturated scans to the control

scans in the array. The system was allowed to relax for 3.7 sec. between FIDs,

about 4 times the longest "NT. At pH 4 there is no significant exchange

between water and amides in the time scale of this experiment, so problems

associated with residual saturated water exchanging with amides were

negligible. For the saturated experiment, a series of 120 degree *H pulses with

5 ms delay between them was applied for the final 3.0 seconds of the

relaxation delay. To minimize heating, which could affect the rapid motions

to which the NOE is particularly sensitive, the transmitter power was reduced

6 dB during this period.

Spectra were processed using nmrPipe (Delaglio et al., 1995; Delaglio et

al., 1993). A typical processing scheme is: application of a Lorentz-to-Gauss

window function with 10 Hz inverse exponential and 17 Hz Gaussian line

broadening and zero-filling to 4K complex points prior to transforming the t2

*
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dimension, then complex linear prediction of 96 points in ti followed by a

Lorentz-to-Gauss transformation with a 4.5 Hz inverse exponential and 11 Hz

Gaussian line broadening, and zero filling to 1K complex points. Baseline

correction with polynomial order 2 or 3 was performed in both dimensions.

The Lorentz-to-Gauss transformations used in both dimensions ensured

excellent fits to 2-D gaussian functions in the data analysis, even for rather

badly overlapped peaks.

Once processed and trimmed, the 2-D spectra were displayed and

analyzed using the in-house program Sparky” (D. Kneller, unpublished).

Peaks were fit to a 2-dimensional gaussian using the simplex method of

Nelder and Mead (Press et al., 1988). The height of the fitted curve was then

extracted for the intensity of the peak. The fitted height yielded the lowest

error value, since it is less sensitive than volume to slight linewidth

variation caused by noise, but also less sensitive than the simple peak height

to noise and overlap. Ti and T2 relaxation rates were generated by fitting the

heights to a single exponential decaying to zero using a Levenburg-Marquardt

algorithm (Press et al., 1988). Monte Carlo simulations were used to estimate

the actual error of the fits given the error in the heights (Palmer et al., 1991),

with 500 simulations per fit. The maximum NOE was calculated by taking the

* For software availability, please contact Dr. T. Ferrin, UCSF Box 0446 San Francisco,

CA 94143-0446
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ratio of the saturated intensities vs. the control intensities. In all cases the

standard error of the intensities was determined by comparing duplicate

spectra, and dividing the standard deviation of matched peaks by N2 (Kördel

et al., 1992).

Arrayed Experiments: Serious systematic errors appear in the T2

relaxation spectra of O-LP, due to changes in the sample over the

measurement time. We found that we could eliminate the errors by arraying

the experiments, such that for any given relaxation measurement, all the

timepoints were collected in parallel over the entire ~24 hours of

measurement. In the arrayed experiment, changes affect all the timepoints

equally, and are reflected only in changes in lineshape. There is a negligible

effect on the calculated rates, because for a given amide all timepoints have

the same lineshape, so the true intensity relationships between the peaks are

maintained. A bonus we gained from this approach was a clear indication of

whether chemical exchange was caused by peptide binding or by motion. To

allow shorter pre-delays without significant deviations from the steady state

as the array progressed, all proton magnetization was killed with a

pulse/gradient sequence before the pre-delay. For more information about the

advantages of arraying experiments, we refer the reader to Davis and

Benjamin (in preparation).

Theory: The mathematical theory behind the study of molecular

dynamics by NMR has been addressed in detail many places in the literature
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(e.g. Peng & Wagner, 1995; Farrow et al., 1994; Clore et al., 1990a; Kay et al.,

1989). Therefore, in this paper we will provide just a basic overview of the

background of solution studies of dynamics, with special attention to the

most recent innovations that we have used for this study. For a

comprehensive review and comparison of approaches, please see Dayie et al.

(1996).

An object undergoing random motion has a property called

autocorrelation. The autocorrelation function, G(t), describes how well the

object remains correlated with its initial position as a function of time, with a

value of 1 for perfectly correlated and 0 for completely randomized. We can

consider the amide bond as a vector (e.g. N —- HN), and track its correlation

with its initial orientation over time. Naturally, the smaller the molecule the

faster its overall tumbling, and therefore the faster G(t) decays to zero. For a

molecule undergoing isotropic brownian motion, the G(t) decays

exponentially <with a time constant to, the correlation time?». The Fourier

transform of G(t) is called the spectral density function, JGo), and it indicates

the 'density' of bond vectors rotating at any given frequency. J(o) has a

maximum at 0–0, and decays as frequency increases. An important property

of the spectral density function is that the area under its curve remains

constant for all spins, no matter what the dynamics of a particular spin may

be (Abragam, 1961; Ernst et al., 1987). Thus a faster decay of G(t) leads to a
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broader spectral density function, resulting in a reduction of J(0) and an

increase of J(o) at high frequencies.

The shape of the spectral density function of a protein amide relates

directly to the relaxation of the "N nucleus and its attached proton. This

relationship has been exploited over the years to help determine overall

rotational tumbling rates, and more recently residue-specific motions. The

most useful measurable rates are the "N longitudinal relaxation (Ti, Eqn. 1),

transverse relaxation (T2, Eqn. 2), and heteronuclear {H} - 15N NOE (Eqn. 3),

which are determined by the value of the spectral density function at five

frequencies, J(0), J(@N), J(@H), and J(ohiton). Since there are five coefficients

and only three relaxation rates, the solution cannot be determined

analytically, and methods have been developed to simplify the problem.

(1) } = (3D+ C).J(ox)+ DJ(on.)+6DJ(0,1)

(2) #
-
se: ‘’Joo)++*Jo.)+ #Jo, )+3DJ(on)+3DJ(0,1)+ Rex

(3) R,(H. e. N.) = D(6J(o, )-J(o,.)]

J(OH) and J(OH−) are shorthand for J(|Goh | + | ON 1) and J(QH |-| ON |), respectively.

C and D are evaluated as follows:

- Ao: p_ ºf hºr:
2 6

3 47t WNH
(4) C
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where rNH is the internuclear *N-"H distance, Yz is the gyromagnetic ratio for

the nucleus Z, ON = -YNBo, his Planck's constant/21, uo is the permeability of

free space, and A is the "N chemical shift anisotropy, for which we used the

standard value -160 ppm (Hiyama et al., 1988). Note that the NOE and T are

dominated by fast motions, while T2 contains a substantial J(0) term.

The most common methodology for interpreting relaxation data in

proteins has been the model free approach of Lipari and Szabo (1982a,b). The

approach is called ‘model free’ because it does not require a particular

motional model, but instead fits the data to a simplified spectral density

function that assumes an overall correlation time to (related to overall

isotropic tumbling), an effective correlation time for very fast vibrations te,

and an internal order parameter S”, which is a dimensionless indicator of the

amplitude of motion on a time scale faster than to, ranging from 0

(disordered) to 1 (perfectly ordered and tumbling rigidly with the molecule).

It assumes that the autocorrelation function rapidly decays to the value Sº

over the time te. However, the measured rates do not always fit this simple

model in a complex system like a protein, since the model assumes a single

fast motion. The method has been extended to include two order parameters

for faster and slower motions (Clore et al., 1990a), and a parameter Rex for slow

chemical exchange processes (msec - usec) that can strongly affect the

a./
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measured value for T2 (Kay et al., 1989; Clore et al., 1990b). But with these

refinements comes the original dilemma; there are more coefficients than

relaxation measurements, so choices must be made concerning which terms

to include (i.e. a model must be chosen), and therefore the method is not

strictly analytic.

A significant new approach was developed by Peng and Wagner

(1992a,b) in which they introduced three more experiments that measured

different relaxation times involving the attached proton, and which were

independent functions of the value of the spectral density function at the

same five frequencies. In theory the spectral density function could then be

analytically evaluated at these five points, leading to a description of the

dynamics of an amide bond that is truly "model free". However, there were

difficulties implementing this in practice, due to the much higher errors in

some of the new experiments. So the full spectral density mapping approach

has not seen general use to date.

A fine solution to this problem has recently been published by several

groups (Farrow et al., 1995a,b; Ishima & Nagayama, 1995; Wagner, 1994; Peng

& Wagner, 1995; Lefèvre et al., submitted). It can be called ‘Reduced Spectral

Density Mapping' (RSDM), and it requires only the three original, robust

experiments measuring 15N T1, T2, and NOE. These authors noted that the

values of J(0) for Q) = OH, OH-ON, and @H+ON vary only slightly in normal
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stable proteins. Since the shape of JGo) is reasonably flat in this region, it

could be represented by a single frequency, termed <J(@H)>. The original

spectral density analysis then reduces to three equations which describe in a

simple manner J(0), J(ON), and <J(OH)2, and the three measured rates on

which these values depend.

–––––––––
4C+12D T 2C+6D T, 10C+30D

(5) JO) = Ry(H2 → N2)

!---—-
C+3D T 5C+15D

(6) J(a) w) = Ry(Hz — N2)

1
7) J(< >) = — R., (H N(7) JG 3 a), -) 5C + 15D w(H2 → Nz)

The results of RSDM can be interpreted to give indications of where in

the molecule there is motion or chemical exchange that is outside the range

of normal small motions found virtually everywhere in proteins. A large

value of J(0) indicates exchange processes on the msec to pusec time scale,

while large values of J(@H) indicate a fast motion of relatively large

amplitude. Because the total area under the spectral density function is

constant, an increase in the high frequency range will correspond to a

decrease in the low frequency range. If one amide undergoes both exchange

and very fast motions, the effects on J(0) would tend to cancel, and there may

be no indication of the exchange process. However, there would still be an

increase in ‘J(OH)- and a decrease in J(ON), which if coupled with an average
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value of J(0) would point toward a combination of exchange and fast motion.

Multiple field strengths can be used to extract the exchange contributions, but

we did not use them for this study.

Chemical Exchange Processes: Here it is valuable to clarify the meaning

of chemical exchange. Chemical exchange processes are indicated by a shorter

T2 and larger J(0). But chemical exchange does not necessarily mean that the

particular amide is moving in the msec - Lisec range. It simply means that its

chemical shift is changing through some dynamic process in that time scale.

While this process can certainly represent the motion of the amide itself, it

can also result from nearby conformational change or motion (especially of

an aromatic ring) or binding/release of a ligand, as long as the process

produces a chemical shift difference at the nitrogen. In the o-LP system,

evidence indicates that such a ligand binding/release process occurs when

degradation peptides that build up in the sample over time form weak

complexes with o-LP.

A CPMG sequence has delays t between the refocusing *N 180° pulses

(see Fig.2). If a "N nucleus undergoes a chemical exchange transition to a

new chemical shift value while its magnetization is defocused, then it will

not refocus exactly during the t delay (Orekhov et al., 1994; Bloom et al., 1965).

The extent of the coherence loss is dependent on the chemical shift difference

Qex, the exchange rate kes, and the delay tº and also on the equilibrium

*º:

º
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constant between the states). A longer t results in a larger contribution from

chemical exchange, since the resonance spends more time defocused where

an exchange event causes coherence loss. We took advantage of this effect to

extract information on the source of the chemical exchange contribution. A

series of experiments was collected over 24 hours, with t = 2msec.

Degradation of the sample occurred during the collection time, and thus

proteolytic cleavage product built up. If a peptide is exchanging in the active

site on a msec time scale, those chemical shifts that are altered by the binding

will have more rapid transverse relaxation. This will lead to a weaker than

expected signal at the end of the T2 CPMG period. Since the experiments were

collected in a random order, those collected first had intensities that

consistently appeared well above the exponential fit, while the last few were

consistently below. The effect was strong enough for us to use as a clear

indication of sites where peptide binding contributed to the chemical

exchange terms.

Overall correlation time: The overall correlation time was determined

by the method of Lefèvre et al. (1996), from the calculated values of J(0) and

J(ON), by calculating the second root of the equation:

(8) 20:00 tº +5/30 tº +2(a –1)r + 5/3 = 0

where o and B are functions of J(0) and J(oN). For a complete discussion of this

treatment, please see Lefèvre et al., (1996).

7.
* -

-
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RESULTS AND DISCUSSION

Complete heteronuclear backbone amide assignments of free o-LP and

o-LP bound to the boronic acid peptide inhibitor Boc-Ala-Pro-BVal have been

previously determined and are reported elsewhere (Davis et al., 1996,

submitted). The "N-H correlation spectra at 600 MHz show excellent

dispersion; in the spectrum of uncomplexed o-LP all resonances are

resolvable except for A116/Q190 which are fully overlapped, and G141-S143°

(S195) which are completely missing. In the spectrum of the complex, all

amides are present, but the pairs G6/S18 and T106/N162 are overlapped, and

intensity measurements of G35 and I7 are disrupted by side-chain amide

peaks. Figure 3 displays some time points from a series of T experiments,

showing the most crowded region and demonstrating the quality of the

spectra.

Error Analysis: To determine peak intensities we fit the peaks with a 2

dimensional gaussian, then used the height of the resultant fit. This method

resulted in the lowest variation between duplicate spectra, even on badly

overlapped peaks (error = + 0.3% on the strongest spectrum, + 3% on the

* Since there are several different numbering schemes for o-LP, sequential numbering is

usedthroughout this paper to avoid possible confusion. Chymotrypsin homology numbering is

also given when it would clarify a point.
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Figure 3: Samples of spectra from the T1 series of free o-LP, showing one of the
most overlapped regions. For most peaks, 2-D gaussian linefits as described in
the text were very close to the data. In the region shown, two peaks, 19 and N162,
have slightly distorted shapes and therefore somewhat less perfect fits. The
shape imperfections arise from changes in the sample over the course of the
experiment, but since all experiments were collected in an arrayed manner, the
distortions are consistent throughout. Thus, the gaussian fits to Y9 or N162 have
the same imperfections in each experiment, so the peaks maintain their relative
intensities, leading to excellent exponential decay fits of the series of peak
intensities (Fig. 4).
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weakest), and gave error estimates that were somewhat less than the RMSD

noise level of the spectrum. Some representative plots of Ti and T2 decays are

shown in Fig. 4.

o-LP is an ideal molecule for NMR studies in many ways (e.g. peak

dispersion, homogeneity of structure, and solubility), but it has some serious

drawbacks for dynamics measurements. Being a powerful protease, it slowly

degrades itself, even at pH 4.0 (it is most active at pH > 7.0). Therefore the

sample inevitably changes over the course of a ~24 hour relaxation

experiment, causing systematic errors in the NMR spectra. When the

separate Ti dynamics spectra were collected sequentially in a random order,

the data deviated from the fits by amounts greater than the expected RMSD,

and when deviations were plotted against the order in which the experiments

were collected, it became clear that the early experiments were uniformly a

few percent (or less) above the fit, and the later experiments similarly below

the fit. In the T2 experiments this same pattern was duplicated, except that for

some of the residues, the deviation was much greater in magnitude (see Fig.

5). The residues with exaggerated errors are all very close to the binding site,

and most have shortened T2's. These results suggest that there is slow

degradation of the sample over the 24 hours of data collection, and the

resulting proteolytic products, which would be a collection of short peptides,

build up at a much faster rate (on a molar basis). Any site where peptide

binding occurs would have a shorter T2 decay, due to the exchange

-

;s
-

s
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Figure 4: Exponential fits to the equation y = I, + exp(-t/T1) (or T2) for several
amides in free o-LP. N162 and Y9 have misshapen peaks in the arrayed
experiments (see Fig. 3), yet their fits are good. (N162 is also among the most
overlapped and exchange-broadened). S15 is undergoing rapid motions, and
Y123 undergoes both exchange and rapid motions. As examples of goodness of
fit, in T1, 90% of all amides have fits better than N162, and in T2, 95% are better
than S15. In both cases Y123 is slightly worse than average. The RMSD error is
smaller than the shapes used to indicate datapoints. The Q in the fit equations is
a goodness of fit indication taken from the incomplete gamma function,
described by Press et al. (1988) as the routine GAMMQ.
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Figure 5: Exponential fits to T, data of free o-LP that was collected
parametrically but not arrayed, and with a 2 msec delay between CPMG 1°N
180° pulses. Though the fits are quite poor for determining relaxation rates,
the scatter in the data is not random but comes from the decaying sample. The
timepoint at 0.064 sec was the first collected, 0.032 was second, and 0.048 was
late. Much of the protein looked like G108 (small solid circles), or with even
less pronounced variation (but with a similar pattern). But closer to the active
site, some residues showed exaggerated effects, e.g. E8 (triangles, < 12 A from
the inhibitor) and G160 (diamonds, 4 A away). The effect is caused by the
slow deterioration of the protein over the experimental period, and when
exaggerated, indicates the presence of chemical exchange caused by peptide
binding. I172 (large circles) shows only random variation, even though it has
a high component of chemical exchange, which strongly suggests that the
exchange contribution is from motion, not peptide binding.
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broadening caused by peptide binding and release (see above). To solve this

problem we arrayed the experiment as described above, such that all

timepoints were collected in parallel over the entire experiment, which

resulted in the complete elimination of this particular systematic error.

The problem of degradation affects the NOE experiment in a more

severe manner; any buildup of peptides produces peaks that are small and

positive in the control experiment, and stronger and negative in the saturated

experiment, due to their very short correlation times. These spurious peaks

appear mostly in the central portion of the spectrum, where the average

chemical shifts occur, and in some cases overlap protein peaks. Since in O-LP

all the protein peaks are positive in both NOE experiments, when overlap

occurs the protein peak will have a slightly high positive intensity in the

control experiment and a more strongly reduced positive intensity in the

saturated experiment, leading to an artificially small ratio Isat/Intri. There is

no way of accurately quantifying the negative contribution of such a peak,

since its shape in Goi is drawn from a combination of its relaxation properties

and its buildup in the solution over the course of the experiment (which does

not necessarily proceed linearly). The approach we take is to increase the

error value for the NOE in these peaks, so an incorrect value would not skew

the data very much. We identified such peaks by their being proximate to

degradation peaks, and having an imperfect fit to the 2-D gaussian function.

Fortunately, o-LP as a whole is relatively rigid on the fast time scale, with
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only two locations (S15 and Y123) showing motion fast enough to have a

substantial and unambiguous effect on the NOE. In a molecule the size of o

LP, one would expect that at any location with a reduced NOE due to fast

motion, there would also be an effect on T1 or T2 . None of the peaks

identified as having potential peptide contributions had significantly different

relaxation rates, so they probably all have true NOEs in the same range as the

majority of the molecule.

Spectral Densities and t.: The overall correlation time to was calculated

as described above, after first removing all residues with noticeable chemical

exchange components in J(0). The resultant numbers of 8.10 nsec (unbound)

and 8.14 nsec. (inhibited) are in the expected range for a compact protein of

this size. The inhibitor bound tightly in a cleft adds little resistance and < 2%

extra mass, so the insignificant difference between the two values is

reasonable, and indicates no difference in overall behavior (substantial

differences between bound and free enzymes have been found – see Farrow et

al. (1994)).

Figure 6 shows the spectral densities for the protein sequence, at the

three frequencies J(0), JGGON), and <J(CoH)-, and for both free and inhibited

protease. (The full tables of relaxation rates and NOE values are available as

supplementary information). In theory, fast motions are indicated by a

decrease in J(0) and J(ON) and a corresponding increase in J(GoB)-. However,
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Figure 6 (Next two pages): RSDM results on the complete sequence of o-LP, both free
and inhibited. Values of J(o) for the three frequencies are shown by the height of the
bars. Black bars are free o-LP, and white or red bars are from the inhibitor complex.
Red indicates a stabilization of an outlier upon inhibitor binding. Tall vertical
stripes highlight the regions with substantial dynamic or exchange components.
Pink stripes indicate nanosecond - picosecond motions, while light blue point out
regions undergoing chemical exchange. Purple stripes indicate the locations
apparently involved in both fast motions and exchange (though in both cases, the
exchange is at least partly caused by peptide binding). Beta strands and the alpha
helix are indicated. Uncomplexed crystallographic B-factors are the blue trace near
the bottom of the figure, and the inhibited B-factors in red. Below them is the
difference in B-factors (stabilization upon binding) in orange, and distance from the
amide to the inhibitor in green. Note the correlation between fast motions,
secondary structure, and B-factor, but that such a correlation is much weaker with
the chemical exchangers. A few datapoints are marked in gray – these are locations
where overlap or other problems make the data less reliable. To avoid complete
visual confusion, error bars were omitted from the data representing the inhibitor
complex, but they were of similar magnitude. Error bars were also omitted from the
<J(@H)> data, because they average around 0.002, or ~50% of the «J(@H)> value, and
so only add clutter to the figure.
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the error bars on the «J(OH)2 values are quite large (averaging around 50%),

due to the fact that the heteronuclear NOE experiment is less exact than the

relaxation rate determinations. In practice, then, we take a decrease in J(0) and

J(CON) to suggest fast motion, even in the absence of an increased 3/(GoB)-. (J(0)

and J(0N) are dominated by T2 and Ti, and these two measurements may be

enough for qualitative evaluation of dynamics – see Habazettl & Wagner

(1995)). The point on the backbone that has the clearest fast motion is S15 and,

to a lesser extent, its neighbor A14. S15 shows a substantially longer Ti and

smaller NOE, which together are positive indicators of fast motion. Other

locations that appear to have motion on a fast time scale include A27, T39,

G82-S83, A98, Y123, A127, V163, and S174, most of which are well isolated

peaks in the spectra. With the exception of A127, which is very close to the

binding pocket, all these regions are between or on the edges of secondary
structural elements. In addition, except for A98, Y123 and V163, none of these

motions appear to be stabilized by the presence of the inhibitor, as the 3/(@H)>

values are similar in the complex. The ease of integration of these isolated

peaks, combined with the fact that the results are similar in the complex,

increases our confidence that we are indeed detecting dynamics at these

locations. The regions of fast motion are indicated with tall pink bands in Fig.

6, and are shown in red in Fig 8.
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Figure 7 (Next page, top): Stereo view of the binding pocket of o-LP, showing details
of the inhibitor binding. Label color indicates dynamic features. All residues with
colored labels undergo chemical exchange. Red indicates those with the greatest
component from peptide binding, and green those with significant peptide binding
components. Note the hydrogen bond formed between G161 and the peptide,
serving to stabilize the glycine pair. All the red residues are located near the ring of
Y123, which may reorient upon peptide binding. Y123 and G161 - V163 also
apparently undergo rapid motions, which could allow recognition of different side
chains in the P2 and P3 positions.

Figure 8 (Next page, bottom): Stereo view of the entire molecule, with dynamic and
exchanging residues colored. Red indicates regions with reduced J(0) and J(oN),
indicative of fast motions. Note they are all on the outside of the molecule,
generally with no secondary structure. Blue indicates residues undergoing chemical
exchange, and green are those exchanging residues that apparently have large
components arising from peptide binding/release. Light blue indicates exchanging
residues that are not well stabilized by the inhibitor binding. I172 is in purple,
indicating its large chemical exchange component, partially stabilized by the
inhibitor, but not at all affected by peptide binding. The three missing active site
residues G141-S143 are in magenta.
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Y123 (Y171) is a particularly interesting case. Its side chain packs against

the hydrophobic P2’ site (Pro in the inhibitor used here), and it is implicated

in stabilizing the S2 site in the binding pocket through a hydrogen bond

network with S159 (S214) (Epstein & Abeles, 1992). Its relaxation properties

clearly demonstrate high-frequency motions (through a longer T1 and altered

NOE), which are stabilized by the inhibitor. But the value of J(0) is not as low

as would be expected given the increase in ‘JOH)-, so there is likely a

contribution from chemical exchange as well, as there is with its neighbor.

Motions here may have significance in creating an induced fit, since the P2

side chain must find a proper orientation next to the tyrosine ring. Of course,

the dynamics observed here are backbone, not side chain; accurate assessment

of the tyrosine side chain dynamics awaits future studies. We note, however,

that reorientation of the Tyr side chain would cause chemical shift changes in

local amides. If such a process occurs on a msec - pisec time scale, it would

produce exchange broadening in those local amides, which would be reflected

in increased values of J(0) (see above). Additional evidence that Y123

undergoes significant chemical exchange, caused by peptide binding, is that it

* In protease substrate nomenclature, the amino acid residue to the amino terminal side of

the scissile bond is referred to as the P. position, and numbers increase toward the C-terminus

(Schecter & Berger, 1967).
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is among those most affected by peptide buildup. The tyrosine ring packs up

against the P2 position of the bound peptide, and thus may have multiple

conformations as the various different peptides fit into the binding pocket.

This would explain the strong chemical exchange component, associated with

breakdown products, seen in most of the nearby amides (Y123, N122, D125,

and G161 – see Fig. 7).

Chemical Exchange: A number of regions have significant increases in

J(0), indicating chemical exchange processes on a msec to usec time scale. They

are highlighted by vertical light blue bands in Fig. 6, and colored blue in Fig 8.

The regions of particular interest are those close to the binding pocket (green

trace, bottom of Fig. 6), where specificity and binding affinity may be

modulated, including R105-G108, N122, A136, G144, and S159-S165. It is

especially instructive to compare the J(0) values of free vs. inhibited protein,

to see what portions of the backbone are stabilized by the peptide inhibitor.

Since the boronic acid inhibitor was designed to mimic a reaction transition

state or nearby tetrahedral intermediate (Kettner & Shenvi, 1984; Kettner et

al., 1988), any motions that it stabilizes should have a direct a relationship to

enzyme activity and/or specificity.

We find that most regions experiencing chemical exchange processes

are stabilized in the inhibitor complex, including all those mentioned above

except A136. The T106 turn resides directly behind the missing active site

residues, and displays a fairly uniform J(0) increase. T107 is a broad, weak peak
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in all spectra, with a oz ('H) linewidth almost double the norm, which is

indicative of exchange processes affecting the amide proton. (D2O exchange

experiments indicate that solvent exchange is not the mechanism). Yet these

effects all disappear when the inhibitor is bound (T106 data is not available in

the inhibited spectrum due to overlap). The dominant mechanism of

exchange is unlikely to be peptide binding, since with the exception of T107

these residues show minor to negligible effects of peptide buildup (see, e.g.

G108, Fig. 5). This suggests that this loop is in motion on the msec - Lisec

timescale, and that the inhibitor somehow stabilizes this motion, even

without direct contact.

G160-G161 are in a strand that runs approximately parallel to the

inhibitor, forming one side of the binding pocket. V163 then provides side

chain interactions that help mediate specificity of the Pi substrate residue

(Bone et al., 1991a). These residues appear to flex in the multiple crystal

structures to accommodate different sizes of Pi side chains (see Fig. 1). Overall,

this is confirmed by the spectral densities — there are strong indications of

both slow and fast motions in the region, and all are stabilized by the

inhibitor. (N162 is degenerate with T106 in the inhibited spectrum, so

nothing can be determined about its stabilization). We suspect that peptide

binding plays a substantial role in the exchange term because the whole

stretch G160 - Q164 is significantly affected by peptide buildup (see e.g. G160,

Fig. 5). But there is also a puzzle — G161 appears to be the among the most
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flexible in the crystal structure overlays (see Fig. 1), and does not have any

strong hydrogen bonds or side chain interactions to hold it in place, so it

would appear to be an excellent candidate for dynamic behavior. Its 'H

linewidth is broadened about 50%, and its "N linewidth about 15%, in

unbound HSQC spectra, which indicates chemical exchange. Furthermore, it

is among those most affected by peptide buildup. Yet its spectral densities J(0)

and J(ori)are singularly average, in contrast with its neighbors, implying that

it is relatively stable. This apparent contradiction can be explained if G161 is

undergoing fast motions and chemical exchange simultaneously, which have

opposite effects on J(0). The moderately reduced value for J(ON) supports this

hypothesis. Since the peak is weak, and therefore the NOE intensity

measurements not as accurate, the value for J(OH) would have even greater

than normal uncertainty, so its slightly low value has less significance. The

values found in the complex should be accurate, since the line broadening is

completely removed and all other neighbors are stabilized. G161 had been the

target of extensive mutagenesis (Mace and Agard, 1995), who found certain

mutations that appeared to reduce its flexibility. NMR studies of the dynamics

of these mutations will be illuminating. It is interesting that some of the

greatest dynamic flexibility appears in the region that contacts the P2 site.

Flexibility may be necessary to allow the specificity of the enzyme to be

dominated by the P. position.

:
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I172 is another interesting residue. It has a greatly increased J(0),

partially stabilized by the inhibitor. Yet there is absolutely no affect on T2 from

peptide buildup. Its position on the surface > 10 A from the nearest inhibitor

atom would at first glance imply a lack of significance toward substrate

binding. However, it is part of a loop that has been intensively studied by

scanning alanine mutagenesis by Mace et al. (1995), who discovered that I172

plays a surprisingly large role in modulating the activity of the enzyme to a

variety of substrates. The motion detected in this study suggests that there is a

dynamic as well as functional coupling between this distant residue and the

binding pocket. Future experiments on the mutants will help us understand

the role played by dynamics in the mechanism connecting I172 to substrate

binding.

P1’ and P2’ sites: While the inhibitor used in this study had no

extension beyond the scissile bond, studies with a peptide phosphonate

inhibitor suggest that activity and specificity may be moderated by contacts

made by the P1’ and P2’ sites (Bone et al., 1991b). The crystal structure revealed

that two hydrogen bonds are formed between the substrate analog and L16 in

the enzyme. Although L16 has no apparent dynamic activity itself, it is

adjacent to S15, the residue with the largest high frequency motions in the

entire protein. The side chain of P1’ contacts S15, and the P2’ side chain

sandwiches between the side chains of L16 and T106, a residue in slow

exchange. Thus, the motion of these regions may be important to allow broad
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specificity in the residues beyond the scissile bond – a high degree of

specificity for those residues would make cleavage of an average protein

sequence rather unlikely. Dynamics studies of phosphonate ester complexes

may help determine the role of flexibility in substrate binding.

Aromatic Rings: Constantine et al. (1993) found correlations between

residues undergoing chemical exchange and proximity to aromatic rings.

Since chemical exchange may be due to any process that alters chemical shift,

an aromatic ring that changes its orientation (i.e. not just a ring flip) would

change the chemical shifts of nearby nuclei through ring current shifts. We

examined the crystal structure for evidence of such a correlation, and found

nothing obvious, but some possibilities. Aromatic residues Y9, H36, and W66

all undergo exchange. Y123 resides next to the exchanging N122, and near

G160 and G161, though their location in the binding pocket provides other

possible mechanisms for the exchange. And A36 could be affected by W147.

But only near Y123 are all the local amides exchanging, so we suspect that

aromatic ring motions have little to do with the most of the observed

exchange processes. In any case, I172 is far from any aromatic ring, so its

chemical exchange term is very likely due to backbone dynamics. Besides

Y123, the best candidates for aromatic ring motions are Y9 and W66 (see

below).

Comparison with crystallographic B-factors: The crystal structures of

free o-LP (Fujinaga et al., 1985) and the complex with Boc-Ala-Pro-BVal
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inhibitor (Bone et al., 1987) have both been solved to high precision. To avoid

auto-proteolysis a protease must be stable, and this is reflected in the low

backbone B-factors present in the structures. Backbone nitrogen B-factors are

traced in Fig. 6, and for most of the sequence they hover around 10, rarely

exceeding 15. It is an open question how much B-factors reflect dynamics and

how much they reflect crystal properties, and comparison with NMR

dynamics data can be illuminating. Previous studies comparing solution

dynamics with crystallographic B-factors have ranged from good correlation

(Kördel et al., 1992), to moderate correlation (Clore et al.,) to no correlation

(Kay et al., 1989; Stone et al., 1993; Constantine et al.,). This study joins the

middle range with moderate but not complete correlation, better on the high

frequency motions and worse on the exchange processes.

First, just comparing those regions with observed fast dynamic behavior

marked by vertical red bands in Fig. 6 with the B-factors of the unbound

enzyme, we see certain clear relationships. Every instance of fast motion

except A127 is located between or on the edge of secondary structure elements,

and all except G82 are associated with above-average B-factors. Many are near

local maxima of the B-factor trace (e.g. S15, A27, A98, Y123, and A174). Yet

there are other locations with even higher B-factors that show no trace of

dynamic activity, such as G48, S71, and S150. Therefore, at least some of the B

factors derive from either crystal effects or dynamics at a range not probed by

"N relaxation studies.
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In the three instances where fast motions are stabilized by inhibitor

binding (A98, Y123, and V163), the B-factor is also significantly reduced upon

inhibitor binding, suggesting that a portion of the B-factor is caused by the

motion of the nitrogen observed in solution. Low temperature crystal studies

ongoing in the lab (S. D. Rader, in preparation) will help define the

contribution of fast thermal motion to the B-factors of o-LP. In general, we see

that a high º■ (GoF)- implies an increased B-factor, but the converse

relationship does not hold. This behavior is reasonable, given that the B

factor includes dynamic and non-dynamic elements, and its dynamic

contributors are over a wide range of time-scales, while the high j(go■ )-

comes just from dynamics, and that over a limited span of frequency. So we

conclude that in some locations the B-factor is increased by mechanisms other

than dynamics on the nsec time scale.

There is a poorer correlation between regions of chemical exchange

(blue bars) and B-factor, as has been seen elsewhere (Constantine et al., 1993).

However, in some instances (e.g. N122 and I172) there is a clear relationship.

I172 must be dynamic since there is no other apparent explanation for its J(0)

value; as a consequence its high B-factor must, at least in part, be caused by

msec-timescale motions. Yet many other sites with exchange terms appear at

a nadir in the B-factor trace. But here we must re-emphasize that chemical

exchange does not necessarily imply dynamics of the amide, so a perfect

~

=
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correlation would not be expected. Since we believe that many of the binding

pocket residues derive much of their chemical exchange contribution from

peptide exchange, the clack of a clear correlation is not surprising. The biggest

anomalies are Y9, S18, W66 - V67, and the R105-G108 loop. All of these

residues show little or no evidence that peptide binding mediates their

exchange term, so there is probably motion ocurring somewhere nearby. Yet,

they all have extremely low B-factors. Y9 and S18 are good candidates for

exchange mediated by motion in the Y9 aromatic ring, since they are both

among the nearest amides to it. But the crystallographic B-factors of the Y9

side chain are also extremely low, which argues against this explanation.

Similarly, the W66 side chain could affect W66 - V67, though no similar effect

is observed on A55 - A56, which are also nearby, and the Trp side chain also

has fairly low B-factors. R105 - G108 have no proximate aromatic rings, so the

explanation must lie elsewhere. Since this stretch is near the active site,

future studies with mutations or different inhibitors may shed light on the

exchange mechanism.

CONCLUSIONS:

We have used "N NMR relaxation experiments to determine the

values of the spectral density function at three frequencies, <0HP, ON, and 0,

for o-lytic protease, both free and in complex with the boronic acid inhibitor
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boc-Ala-Pro-BVal. Our results, when mapped to the molecule, indicate that

there are regions undergoing rapid motions (nsec - psec), most of which are

not stabilized by the inhibitor, and other regions experiencing chemical

exchange processes, which may or may not imply relatively slow (msec - usec)

motions of the amide bond. Most of the exchange processes occur close to the

binding pocket and are stabilized by the inhibitor. A few residues adjacent to

the binding site (e.g. Y123 and V163) appear to have both fast and slow

processes, and these may be involved in determining the specificity of the

enzyme, or allowing broadened specificity at substrate positions removed

from the P 1 site. Another known specificity determinant, I172, is located over

10 A from the inhibitor, and was hypothesized to be involved in modulating

flexibility at the binding pocket (Mace et al., 1995). Intriguingly, I172 has a large

chemical exchange component, suggesting that active site dynamics are

indeed coupled directly to this side chain. In general, the regions with

increased J(0) or <J(@H)> fall in-between secondary structural elements, and

fast motions tend to correlate with high B-factors. But there are enough

exceptions that the overall correlation between B-factor and solution

dynamics is only moderate.

The observed pattern of dynamics reveals that the most apparent

flexibility occurs at sitest contacting the bound substrate, but away from the

cleavage point. The binding pocket is generally in dynamic motion, but the

region directly around the active site (e.g. R140, H36, S159) shows less motion

*
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than do sites that bind either the P2 position (e.g. Y123, G161) or the P1’ and P2’

residues in structures with bound phosphonate esters (e.g. S15, T106). While

nature has optimized o-LP to have specificity for small hydrophobic residues

at the cleavage site, the enzyme's purpose is the general digestion of proteins

in other microorganisms and the soil. Thus, there is good reason for

specificity at the other sites contacting the enzyme to be limited (as is also

found in the digestive enzymes chymotrypsin, elastase and trypsin). Binding

pocket flexibility may be key for limiting specificity to the single residue

occupying the P, site.

We have demonstrated the utility of reduced spectral density mapping

to studying protein dynamics. In contrast to the ‘model free’ approach, we

find that RSDM greatly simplifies the interpretation of experimental

dynamics data without requiring a particular motional model. With the

model free method, the RMS errors in the measured relaxation rates are

critical for choosing how many and which parameters are necessary for a fit,

and we have found that these errors may be very difficult to estimate

accurately for all residues. With RSDM, errors only affect the error bars on the

spectral density function values, but do not change the model used. Thus it is

less sensitive to the kinds of imperfections found in spectra from overlap,

impurities, side chain peaks, etc., all of which affect the accuracy of individual

relaxation rates. We feel that RSDM will be very useful in future studies of

protein dynamics.

r
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These results represent a start to the analysis of the relationship

between dynamics, structure, and function of o-LP using NMR. The full

picture will not emerge until studies are completed on carefully chosen

mutants and different inhibitors. In addition, side chain dynamics studies

will be very useful in probing the role motion may play among the various

components of the binding pocket that make many of the enzyme - substrate

contacts. However, even at this stage, it seems that the observed patterns of

specificty of a protein are not just dictated by the properties of the residues in

immediate contact with substrate; instead they result from more deepley

imbedded properties, such as dynamics, of the molecule as a whole.
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AFTERWORD

Dynamics studies using NMR can go far beyond the backbone "N studies

presented in this chapter. Other backbone nuclei may be studied, (Co. or

carbonyl both work), and side chains may also be analyzed. In the o-LP system

different mutants, inhibitors, or both may be used to pin down particular

cause/effect relationships. With so many variables, the number of possible

individual experiments is enormous; the question becomes which ones to

pursue.

There are a few clear candidates for the next steps, to test some of the

hypotheses generated by the current study. To determine whether the S15

hairpin is stabilized in the presence of a bound peptide, backbone (and

sidechain) dynamics with a phosphonate ester inhibitor would be

illuminating. Dynamics of the sidechains bordering the active site could be

measured, with particular attention paid to V163 and Y123 and their

neighbors. In combination with carefully chosen inhibitors, this may help

determine the role played by side chain dynamics in conferring specificity.

Inhibitors with different P, or P, residues may also help, if such are available.

Carbon backbone dynamics would presumably be similar to nitrogen

backbone, but an additional frequency (150 MHz) would be probed, which lies

between the "N and H frequencies probed in the current study. I would place

this project as secondary in importance, however.
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There are several approaches to side chain dynamics. In backbone

nitrogen studies such as that described here, the relaxing nucleus is bonded to

*C (98% of the time), and so its relaxation is dominated by the attached

proton. In a fully-labeled carbon sample, a carbon's neighbors are likely to be

"C as well, which will complicate its relaxation properties. One solution is to

randomly label the protein with "C at a level of about 25 - 30%, which results

in far more signal than natural abundance, but still maintains the majority of

the carbons isolated from other labeled carbons. Another is to exploit known

biosynthetic pathways, using specifically labeled sugars to incorporate carbons

only in certain isolated locations. Lewis Kay et al. recently published a novel

method of determining the dynamics of methyl group side chains with

deuterium labeling (Biochemistry 35, 362-368 (1996)). The latter technique is

particularly suitable for some of the interesting sites in o-LP, such as the Met

and Val residues in the binding pocket.

Chemical exchange is a large factor in many of the most interesting

binding pocket residues. Relaxation experiments at several different fields can

help resolve the contribution of exchange, especially in situations where

there are apparently both exchange and rapid motions. Best would be three

different frequencies, such as 400, 500, and 600 MHz, or even better including

750 MHz. 400 MHz spectra collected in Chapter 7 prove that o-LP has a

resolvable spectrum at that frequency, though some of the most overlapped
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peaks would be lost. I strongly recommend using arrayed experiments for this

work.

In short, then, my recommendation for three new sub-projects is: 1)

Inhibit with phosphonate ester; 2) Side chain dynamics with partial carbon

labeling or other method as suggested above (requires also complete side

chain assignments); 3) Multiple frequencies to extract chemical exchange

term. Beyond these, other inhibitors and various mutants with altered

function or specificity could be used to answer narrowly defined questions

that may still remain.
2

:
3
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CHAPTER 6

PREFACE

Along with the dynamics experiments relating to structure and function

described in the preceding chapter, there was one other major area for NMR

studies of o-LP. folding and stability. These questions may be addressed

effectively with NMR, using the techniques of hydrogen-deuterium exchange

(HDX). There are currently three projects along these lines in the Agard lab.

The first is determination of the pathway of o-LP's pro-assisted folding, which

takes advantage of the fact that as secondary structure forms, amide

hydrogens become protected from exchange, to an extent determined in part

by the stability of the hydrogen bonded secondary structure in which they take

part. This project is headed by Julie Sohl, so I will say no more about it. The

second, related project is o-LP unfolding, where instead of the formation of

secondary structure, its disintegration under the influence of denaturant is

followed by HDX. The first phase of the unfolding study is described in

Chapter 7, and the work is being carried on in the lab by others, primarily

Sheila Jaswal. The current chapter describes the third project, a full mapping

of exchange rates onto the protein in order to determine regions of stability,

and hopefully extract the energy barrier heights for the various opening

transitions. The project needs further study, and the nature of these

experiments requires many months of exchange time before data collection is
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complete, so the results of the experiments that are currently underway

cannot be included here. But other approaches, including mass spectrometry

and use of an inactive mutant, will help us understand the kinds of

transitions that can open the interior of the protein without complete

denaturation.

The energy barrier to o-LP unfolding under normal conditions is

currently estimated to be 26 KCal. With such a huge kinetic barrier, one would

never expect to have a detectable level of complete spontaneous unfolding

and refolding, even if there was no proteolytic activity to assure the

destruction of the transiently-unfolded molecule. So if any exchange of core

protons is detected, it would imply a major unfolding event that is still on the

“native side" of the folding transition state. We are still not sure if such

exchange is detectable, but if it is, further experiments are planned to

determine the extent of cooperativity, etc. The major question to be answered

is what is the structural determinant of the large kinetic barrier, and we hope

that HDX experiments may shed some light on the matter.
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ABSTRACT

Exchange rates of the backbone amides of native, uninhibited o-lytic

protease were measured at various pHs. These measured rates were

converted to protection factors, which were mapped to their positions in the

crystal structure. A large core region is seen in both domains, where the

protection factors are at least 10". The distance of the amides from the

molecular surface in most places correlates with protection factor, but a few

exceptions exist, where either buried amides are easily exchanged, or surface,

hydrogen bonded amides have very high protection. The unprotected buried

amides are often located in regions undergoing dynamic activity, as described

in chapter 5. The core may be exchanging slowly with a uniform rate, but the

evidence is not conclusive, and long-term experiments are in progress to sort

this out. The implications of these results are discussed. ;
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INTRODUCTION

The folding pathway of alpha-lytic protease (o-LP) has been the object of

intense study in the Agard lab for the past several years. The first indication

of its unusual need for a helper peptide to complete folding appeared when

o—LP was cloned into E. coli, and the covalently-attached pro region was

found to be necessary and sufficient for folding (Silen et al., 1989). It was

further found that this pro peptide could be supplied in trans without

destroying its ability to act as a foldase (Silen & Agard, 1989). Baker et al.

(1992) then denatured o-LP, and tried to refold it under renaturing conditions.

While there was no detectable conversion to the native state over a period of

months, if at any time pro was added, activity was rapidly regained. These

experiments and their successors implied an energy barrier of at least 29

Kcal/Mol between the intermediate and the folded states. If we assume the

core structure is not fully formed at this transition state, then it must form at

a lower energy on the folded side. If the core is fully formed at an energy near

that of the transition state, then spontaneous opening events that unfold the

protein enough to destabilize the core would be extremely rare, and would

not be measurable by HDX. But if the energy level of core formation is further

down toward the native state, we may be able to detect the transition between

the two states by HDX experiments. If this is so, the question would be raised:

is the transition cooperative; that is, does the whole core open up in a single

;
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or a few transitions, or do individual amides open to exchange relatively

independently? While this questions is not answered by the present study,

further experiments designed to find an answer if possible are ongoing in the

lab.

While the absolute difference in free energy between the intermediate

and folded states is not known with certainty, the latest estimates are that the

intermediate (without pro) is 3 Kcal more stable than the mature form, and

the transition state is 29 Kcal above the intermediate (S. Jaswal, personal

communication). This implies that the barrier height to the transition state

from the folded side would be 26 Kcal, and this is the energy barrier that

confers stability. It is not as easy to detect rare transitions from F->I as it is the

other direction, since autolysis degrades the sample faster than does

spontaneous unfolding, and the results of both processes are peptide

hydrolysis products. Work is underway to use the inactive mutant Ser-Ala

195 to probe this unfolding transition with traditional biophysical methods (S.

Jaswal, personal communication) as well as with HDX. The project reported

here is an attempt to gather site-specific information about o-LP stability

through the measurement of hydrogen exchange rates of active protease in

the native state. It is hoped that this information will provide insights into

the folding pathway of the enzyme.

Theory: Hydrogen-deuterium exchange (HDX) in proteins has been

studied by a number of labs over the last few decades (e.g. Wüthrich &
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Wagner, 1979; Wand et al., 1986). Exchange rates can indicate the stability of

specific regions of structure, and can also identify coordinated large scale

structural fluctuations. There are two principal mechanisms governing

exchange: acid catalysis and base catalysis (Chreighton, 1993; Berger et al.,

1959). Acid catalysis dominates below about pH 3 (for backbone amides) and is

thought to be instigated by transient protonation of the backbone carbonyl

oxygen, inducing a loss of the neighboring amide proton which is then

quickly replaced by a random hydrogen (or deuteron) from the solvent. The

mechanism of base catalysis, which takes over at higher pH, is the direct

attack on the amide hydrogen by a hydroxide ion, which causes its removal

and subsequent replacement by solvent. On either side of the minimum pH

value, the intrinsic exchange rate kin increases by a factor of 10 for each pH

unit farther away from the minimum.

Intrinsic amide exchange rates have been measured using peptides, and

information on side-chain and neighbor effects has been collected as well

(Molday et al., 1972; Bai et al., 1993). Amides in proteins are protected from

exchange through participating in hydrogen bonds, being shielded from

solvent accessibility, or both. The amount of protection is reported as a

"protection factor", P, which is defined as:

k.
6.1) P = −ln

(6.1) k
ex

s
*º º
- ---

º

-1

;
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where k, is observed exchange rate and kml is the intrinsic exchange rate

corrected for pH, temperature, amino acid type, and neighbors. Protection

factors for amides range from near 1 for those that are located on the outside

of a protein, are completely solvent accessible, and have no hydrogen

bonding, to 10° or 10" for those in the core of stable proteins.

The exchange behavior of amides in a protein is complicated by the

mechanisms that can lead a normally protected amide to become exchange

competent. While hydrogen bonded or blocked from solvent accessibility, the

amide is unable to exchange (k, = 0 min.”). If the protein shifts briefly into

state where the H-bond is broken or the pathway to solvent opened, then

exchange can occur at the rate kne The rate constant for this opening is kee,

and is dependent on the energy barrier between the exchange competent state

and the native state. The protein returns to the native (or near native) state

with constant k, dependent upon the height of the energy barrier above the

local minimum in which the exchange can take place (see Fig. 1a). Thus the

rate diagram for exchange is:

kop kin t
(6.2) C *-E O –- EX

kcl

;
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where C represents the closed state of the protein, O the open state, and EX an

exchange event.

The general equation for the exchange rate k, is:

k, + ki + kn
-

N(k, + ki + kn )?
-

4k,km
2

(6.3) k, =

There are two limits which simplify this relationship. In the first, termed

EX1, k << kº, with the result that whenever an opening event occurs, theint/

closing is very slow compared with the exchange rate and all amides that are

made accessible are then exchanged. Under EX1 conditions, the equation

describing the exchange rate is very simple:

(6.4) k = k,

The other limit, termed EX2, is where k >> km, so any time an opening event

occurs there is only a small probability of exchange before the structure closes.

Figure 1: (Next page) Hydrogen exchange behavior and methods of
distinguishing between mechanisms. EX1 and EX2 behavior (a): in EX1, the exchange
occurs during the relatively long sojourn in the open state, and virtually all hydrogens
exchange in a single opening event. In EX2, hydrogens exchange with a probability
kn/ka, and each one exchanges independently. Use of a NOESY to distinguish between
the mechanisms (b): if a single mechanism opens a region containing two protected
amides that are close enough to each other to generate a NOE, the reduction of the peak
goes linearly with amide "H population in EX1, while under EX2, the NOE peak
reduction goes as the product of the two amide "H population reductions. Mass
Spectrometry can also distinguish between the mechanisms on a more global scale (c): at
50% exchanged, EX1 will result in half the molecules being deuterated at all sites, and
the other half protonated, yielding a spectrum with two distinct masses. In EX2
behavior, the mass peak shifts from all 'H to all ‘H in a single peak.

s
2

;

181



A EX1 | B EX2
|
|
|*/ ko | ky:p k

AG | WN
op| O

O ||

Long C | i." C
life | e

k ke kd
H ) op **. Zoº) / "yº. > Z H

H D | H D

H HQ | /.Ocassionalpºd D. E.
|

C O C | C O C
|

NOESY (HN-HN)

No exch. 50%. Exch. Full Exch.

50% intensity
EX1 || - - - - - - - - - - - - - ->

(One Mech.) A

EX2 25% intensity
- - - - - - - - - - - -

º/\

Mass Spectra

EX1
|

(One Mech.) M M |
EX2

| | |
—T-T— I i I

All H All D All H Aid All H All DMass

:
;



Thus the exchange rate is the portion of time that the structure is open

(equilibrium value, K.) times kº■ .

k, kn
(6.5) k, - -º-º- = K.,km.ki

At normal pH, most proteins have shown EX2 behavior (e.g. Qiwen et al.,

1987), indicating that kº for the opening transitions cannot be <- king which is

around 1 - 10 sec' at pH 7. In this case, the protection factor provides the free

energy difference between the ground state and the dominant exchange

competent state. However, EX1 behavior becomes more common at or above

around pH 8 (Röder et al., 1985), indicating that some closing transitions in

proteins have rates in the 100-1000 sec' range. Under these conditions,

protection factors are only indicative of the height of the energy barrier

between the two states.

To distinguish between EX1 and EX2 behavior, one can observe the

exchange rates over a range of pH. If k, increases by ~1 order of magnitude /

pH unit increase, then the behavior is purely EX2. Little or no change in k,

across a range of pH indicates EX1 behavior. In the case of EX1, it is also under

certain circumstances possible to determine whether a single transition opens

up a region or only a single exchange site. NOESY experiments can be

analyzed for amide-amide crosspeaks in regions where amides exchange at

approximately the same rate. If the amides exchange independently (EX2

behavior, or EX1 behavior with different transitions responsible for the two

i
º

-I
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amides' conversion to exchange competency), then the intensity of the

crosspeak would fall off from the original intensity (in H.O) by the product of

the fractional 'H occupancy of the two amides. So if they were both 1/2

exchanged to *H, the crosspeak would have 1/4 its original intensity. But if

the behavior is EX1 and there is only one transition opening both amides to

exchange, then when they are both at 1/2 occupancy, 1/2 the molecules would

have at some time opened up, and both amides exchanged. The other 1/2 of

the molecules would have not yet opened up and both amides would still be

occupied by H. Thus the intensity of the crosspeak would only be reduced by

only 1/2 (Fig. 1b). A short series of NOESY spectra should clearly indicate

which behavior is dominant, or whether it is a bit of both (Wagner, 1980).

In the case where an entire region of a protein appears to be exchanging at

the same rate, and if it is EX1 behavior, then mass spectrometry (MS) may also

be used to see if a single transition opens up the whole region to exchange,

then closes slowly enough that all amides undergo exchange (Miranker et al.,

1993). If k is very slow, MS would show a double peak, with a difference of

mass equal to the number of amides opened up by the transition (Fig. 1c). In

conjunction with NOESY data, a clear model of the exchange mechanism

might then be elucidated.

This project will eventually address the question of the exchange of the

core of o-LP through both HDX and mass spectrometry, but as of this writing

it is not complete. Problems with pH stability has caused the data at pH 9 to be

2
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problematic – although the relative exchange rates of the core amides should

be accurate, their real exchange rates, and therefore the AG of the transition(s),

cannot be determined. In the near future these experiments will be repeated

with better pH control, and more accurate numbers will be available. NOESY

and MS data will also be collected, allowing us to distinguish between local

and global transitions. This chapter reports the interim results and the

methods used, and lays out a course for future studies.

MATERIALS AND METHODS:

Sample Preparation: O-LP was prepared as described in Chapter 4

incorporating "N at all sites by using 99% "N glutamic acid (CIL) converted to

MSG by titration to pH 7 with NaOH, and *N Celtone (Martek). Purified

protein was concentrated at pH 4.0, then diluted with D.O buffer (20 mM

Acetate) and re-concentrated in a 10 kDa cutoff Centricon(3) filter (Amicon) to

250 pil at 4°C. The pH was adjusted to 4.8 with KOD, and the sample was

placed in a plugged NMR tube (Shigemi) and put into the magnet. All pH

readings were uncorrected for isotope effects. pH 7 and pH 9 samples were

made by re-filtering the sample into new D.O buffer, then adjusting the pH of

the sample, placing it back into the NMR tube, and putting it back into the

magnet.

The pH 7 sample had a fairly short time course before being converted to

pH 9, so there were few amides that exchanged well enough for quantification

.
:
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during that time. Exchange data from a different experiment, performed at pH

7.00 with protein inhibited with AEBSF to an activity level 10° wild type, was

therefore included. The production and handling of this sample is described

in Chapter 7 on unfolding. The pH 7 results here report the best value from

both pH 7 samples.

NMR Spectroscopy: All spectroscopy was performed in a Varian Unity

plus 600 MHz spectrometer equipped with a triple resonance probe and

actively shielded pulse field gradients. The amide exchange rate was

monitored by measuring the decay of intensity of "N-'H correlation peaks in

2-D HSQC (Morris & Freeman, 1979) or refocused HSQC (Davis, 1995) spectra.

All 2-D spectra used the sensitivity enhancements developed by Rance and

coworkers (Palmer et al., 1991) and used gradients for coherence selection and

water suppression (Kay et al., 1992). Spectra had spectral widths of 8600 or

9000 in go2 and 2460 or 1700 in 601, and used 8 or 16 transients per FID. Recycle

time was 0.9 to 1.0 sec, and 128 complex points were collected in 601 with 64

dummy scans at the beginning of the experiment. This gave a total time for

each experiment of around 40 minutes (for 8 transients) and 75 minutes (for

16 transients). For the early timepoints the sample was left in the magnet,

then once the delays between timepoints became long, the sample was

removed in-between, remaining in its spinner for the whole series. Sample

degradation was monitored two ways: 1-D presaturation spectra with 128

scans (288 for pH 9) were collected at times during the exchange timecourse,

i
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and the far upfield methyl intensities used as a measure of remaining intact

protein. This is a reasonable measure, since o-LP will destroy any

unstructured protein, so the upfield methyls must come from fully formed o

LP. Also, after pH 9 measurements were taken, the 20 slowest-exchanging

amides at pH 9 were assumed to exchange negligibly at pH 4.8 and pH 7, so

those were used as internal standards to be sure the spectra taken at different

times were adjusted for variations in the spectrometer performance as well as

sample degradation. There is one way these standards may not provide

accurate correction factors; if a transition that opens an amide up to exchange

also opens the enzyme to proteolysis, then the exchange will not be seen. This

factor cannot be easily accounted for, but fortunately sample degradation rates

are relatively slow, so only the most protected amides may be affected.

Exchange Rate Determination: Crosspeak intensities were quantified by

simple peak height, with an error value equal to the RMS noise of the

spectrum. In a few cases errors were higher due to overlap. Intensities were

then adjusted as described above and fitted with an exponential curve and a

residual value. The function fit was:

(6.6) y= I, +I,e."

where I, is the residual intensity after complete exchange, caused by

incomplete removal of H.O, and I, is the intensity (minus I.) at time 0.

i
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We used the amoeba routine from Numerical Recipes (Press et al., 1988)

to find the minimum, with a least squared function. More robust linear and

log minimizing functions were tried as well, but made little difference

considering the accuracy of the data. A goodness of fit value Q was calculated

from the deviations and the sigma value (see routine GAMMQ, Press et al.,

1988). A fit was deemed good when the infinite value was much smaller

than its multiplier, and the Q was above 0.1. The pH 9 data had very little

residual water, so a two parameter exponential fit (I.e. = 0 in Eqn. 6) was used

successfully.

Solvent Accessible Surface Calculation: In order to look for a correlation

between protection and distance from the surface of the molecule, a solvent

accessible surface was calculated using the program “dms” (C. Huang, UCSF

Computer Graphics Laboratory), using the crystal structure of the native

protease (Fujinaga et al., 1985). The probe diameter used was 1.7 A, slightly

larger than water, to avoid creating internal cavities. The distance from each

amide proton to the nearest surface point was then calculated with a simple

minimization routine.

RESULTS AND DISCUSSION

Of the 198 residues in O-LP, four are Prolines and one is the N-terminus.

In addition, three active site residues are not visible in the H.O spectrum.

Thus there are 190 possible backbone sites for exchange studies, and two Trp e

i
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peaks. Two pairs of peaks are too overlapped to resolve, leaving 188 probes.

In the first spectrum at pH 4.8, 52 residues are already essentially fully

exchanged, so there are 136 backbone amides and Trp e signals that yielded

measurable exchange rates.

Figure 2 illustrates some representative HSQC spectra, collected at pH 4.8.

The residual H.O is apparent from the size of the small peak (A174) that is

fully exchanged. Figure 3 shows some raw intensity data as a function of time

representing both fast and slow exchangers at pH 4.8. The traces in Fig. 3 are

from the same residues as shown in the spectra in Fig. 2. A table with the

exchange rates and protection factors for all amides that were protected in the

pH 4.8 sample is provided in the appendix.

Mapping to the Structure: A map of the protection factors to the protein

crystal structure reveals features of interest. As expected, surface residues tend

to exchange fast, and residues in the core B-sheets have the highest protection

factors. Figure 4 illustrates the complete mapping, with the core amides in

red, the fastest measurable exchangers in violet, and intermediate values in

rainbow order. The core contains many amides that are protected with

apparently similar, very large factors.

The large protection factors for the entire core are intriguing. In the pH 9

data, signals from all the core amides decay at similar rates, which suggests

some sort of cooperative or concerted mechanism. At this high pH, EX1

:
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pH 4.8 Exchange Data

A. B.

9.1 9.0 8.9 8.8 8.7 91.90 8.9 88.87.

125 -
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91 go '89 8s 37 9.1 90 89 8s 87
9 Days 49 Days

CO2 - "H (ppm)

Figure 2: A region from four 2-D HSQC exchange spectra from the pH 4.8
sample. A174 is already exchanged at the first timepoint, R25 exchanges over the
49 day period, and E182 (for example) undergoes negligible exchange. The
intensity of A174 gives an indication of the amount of residual water in the
sample.
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Figure 3: Exponential fits to representative intensities from pH 4.8 exchange
experiments. The amides shown are those in the spectral regions in Fig. 2. R25,
F54, and V128 all exchange over the timecourse studied (A), while A174 is
already exchanged at the beginning, and V79 and E182 do not exchange at this
pH (B). Fits are non-weighted least squares to the equation y=a+b^exp(Rt),
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behavior would not be surprising. However, due to an unfortunate loss of

control data (which would indicate accurately how much native protein is

present at each time point), we do not know with certainty whether the decay

is due to amide exchange or solely to degradation. Preliminary data from

ongoing experiments suggest that the exchange is slower than reported here,

implying that at least some of the signal loss is due to degradation.

Sorting out the contributions of degradation and exchange is not

straightforward, even with perfect data. The problem is that the same

transitions that open secondary structure to hydrogen exchange may also

open the protein up to proteolysis. Clearly many small surface transitions can

occur without significant proteolysis, since most amides successfully exchange

away rapidly (at pH 9) without significant loss of intact protein. But a

transition large enough to open a core residue to exchange may be

accompanied by proteolysis, which would mean that the degradation

observed is actually part of the exchange transitions. However, degradation

may come from different transitions, so we cannot conclude that degradation

= exchange. The only way to really sort these factors out is with an inactive

enzyme (see below).

There is evidence that one transition for opening structured amides to

exchange may be the separation of the two domains like a clam, with the

hinge on the side opposite from the binding pocket. Out of the eight

interdomain backbone hydrogen bonds, we will disregard G198—V88 (since

.
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G198 is the C-terminus, and of the remaining seven, two of them (G61—A127

and R129–G61) have only moderate protection factors. These bridge two

surface hairpins that help form the binding pocket, which could easily

separate without requiring any major structural disruption. S18–S143

connects the active site serine to a core fl-strand in the other domain, and is

quite strongly protected (though S18 is extremely susceptible to guanidine

concentration – see Chapter 7). The other four, G5— R78, V79–V86,

A80–-G5, and V88—P77, are located in a patch opposite the binding pocket, at

what we will call the “hinge region", and are all highly protected. Thus a

transition that separates these hairpins containing A127 and G61 would open

the two domains apart on the “front” in the view in Figures 4 and 6. The

hairpin containing A127 and R129 has important features for binding

substrate, and shows dynamic activity on the other side (around Y123 – see

Chapter 5), but the protection of these amides probably does not relate directly

to structure/function issues. Figure 4 in Chapter 7 provides another view

with the inter-domain hydrogen bonds indicated, and in which the hinge

region is easily identifiable on the left side.

Protection and Solvent Accessibility: For a structured amide to exchange

requires not only the breakage of its hydrogen bond, but also disruption of

enough structure for solvent to be able to access the site. To a first

approximation, therefore, one would expect the highest protection factors to

correlate with amides deepest into the protein, and amides close to the surface

.
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to have lower protection factors. Protection factors and distance from surface

are plotted in Figure 5, as a function of sequence. The general pattern is clear;

virtually every upward spike in protection factor is accompanied by a

corresponding spike in distance to the solvent, and most of the very strongly

protected amides are at least 4A from the surface of the protein. However,

there are some interesting exceptions, which are highlighted in the figure in

green and violet. Green indicates amides that are ~~ 3 A from solvent, yet

have protection factors P × 10'. The high protection of these surface amides

implies a secondary structure that is held tightly in place. Violet highlights

residues that reside - 2.5 Å from the surface but have very low protection

factors, implying a loose structure or ease of opening. These residues are

shown in the context of the complete backbone structure in Figure 6. It is

interesting to compare these regions with results of dynamics (Chapter 5) and

unfolding (Chapter 7).

Motion could certainly contribute to the opening of secondary structure

necessary for hydrogen exchange, so we compared the results of the residues

highlighted in purple with their dynamics. The comparison revealed a

modest amount of correlation – the two best instances are A14 and Q164, both

of which are buried and hydrogen-bonded, but have minimal protection from

exchange. Both of these residues participate in rapid motions, and Q164 also

undergoes chemical exchange, which may or may not be related to motion

(but could imply structural rearrangement of nearby atoms). T107 undergoes

º -:
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Figure 5: Protection factors and distance from solvent, as function of sequence.
Red trace indicates the log of the protection factor. Blue trace is distance from
center of nearest accessible bulk solvent molecule (diameter 1.7A). In general,
high protection factors correlate with longer distance from solvent. Exceptions are
highlighted by vertical bars: green shows amides with high protection (26) but
s3.1 Å from solvent. Purple indicates amides 22.5 A from solvent, but with low
protection factors. Colors correspond to the colored residues in Fig. 6.
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intermediate exchange which may be motion related. The other locations

with lower than expected protection appear to be stable in the regimes probed

by "N relaxation measurements, but four of them (N13, Q73, N168, and Q185)

have no strong hydrogen bond, so they would require only removal of

blocking atoms, not breakage of secondary structure, to become exchange

competent. Of those residues that are buried and hydrogen bonded, but not

well protected, about half undergo dynamic motion as described in chapter 5.

Residues labeled in green are very close to the surface, but have high

amide protection factors. Is there a relationship between this status and

stability? Chapter 7 details work on unfolding the protein with guanidine,

and the results indicate that certain regions of the protein appear to be more

resistant to guanidine than others. In the resistant regions (with low “m"

values), observed exchangers are believed to become exchange competent

through a small, local event that does not open a large amount of buried

surface to solvation. Thus these regions are relatively resistant to large

unfolding events. One could imagine that in such a region, a surface amide

that is hydrogen bonded may be in a stable enough structure to have a very

high protection factor. There are three "patches” in the molecule that have

slow-exchanging surface residues (see Fig. 6); do these correspond to regions

that are resistant to guanidine denaturation? The answer is not really — only

one of the three patches, that around the carboxyl terminal of the sequence,

-
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Figure 6: Stereo view of O-LP demonstrating the regions with unusual
exchange rates. Purple residues have amides at least 2.5 Å from solvent, yet
exchange fairly rapidly. In some of these cases (e.g. Q185), lack of hydrogen
bonding may be responsible, but others have hydrogen bonds as well. Green
residues have amides within 3A of solvent but protection factors of at least
one million. This would suggest a particularly solid secondary structure. The
sphere marks the approximate location of substrate cleavage.
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corresponds to a region of low m value. Thus no significant conclusion can be

drawn from this comparison.

CONCLUSIONS AND FUTURE DIRECTIONS

o-LP has an extensive core region spanning both domains with extremely

high protection factors, on the order of or greater than 10". Although the

current data suggest that mechanisms exist to open the core to exchange, the

data are not conclusive on this point, and the final answer awaits further

tests. These tests will include long-term exchange experiments with strong

buffering for pH stability at pH 7, 8, and 9.2, and careful tests for remaining

protein using 1-D experiments. 2-D "H NOESY experiments will help confirm

remaining protein concentration, and will also help answer the question of

whether a single mechanism opens a region under EX1 conditions, or

whether there are multiple mechanisms and/or EX2 conditions. Mass

spectrometry may help demonstrate EX1 behavior if there is a single

cooperative transition that opens up the core. But the extremely harsh

proteolytic environment in a 1 mM sample of native o-LP at pH 9.2 causes

problems, since any major opening transition may also cause destruction of

the molecule by proteolysis. Therefore, important future experiments will use

a mutant with negligible activity, such as SA195, to probe these transitions.

Increasing the temperature in these experiments may speed up the rates of

/* *
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both intrinsic exchange and of transition to the point where data could be

collected over a few months.

Core mutations currently under development in the lab may lead to

further interesting experiments in exchange. A mutant may be found that

disrupts the stability of the molecule to some degree, and exchange studies

may be able to point to the exact locations of disruption, by mapping the

difference in exchange rates between wild-type and mutant proteins. The

exchange rates described here will also be useful as references for folding

experiments and experiments of o-LP in complex with its pro region.
:
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CHAPTER 7

PREFACE

The final project described in this dissertation is the unfolding study, part

of the series of HDX projects. O-LP is first strongly inhibited with AEBSF, and

then put into D.O and some concentration of guanidinium chloride at a set

pH, and the HDX rates monitored. In theory, the concentration of GCl can be

increased until complete protein denaturation is observed (all hydrogens

exchange rapidly). But with a protease that has such a large kinetic barrier to

unfolding, even the tiny amount of residual activity after inhibition can

cause rapid degradation when the denaturant concentration reaches a high

enough level to induce large partial unfolding transitions, opening up a

cleavage site to proteolysis. Thus, the entire range of denaturant

concentrations cannot be studied, but only the lower end. This has resulted in

the current situation, described in Chapter 7: many intriguing and

illuminating results, but too many problems in the data to have quantitative

anSWerS.

Experiments with a dead mutant such as SA195 may solve these

problems, and work is currently underway. Meanwhile, the results described

in this chapter paint a picture of early protein unfolding that is actually rather

detailed, though not certain. Solution of the crystal structure of o-LP in

complex with its pro peptide will further illuminate the relationship between
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the early unfolding and pro binding. I would like to thank Yoko Haga for her

generous help in running the rather complicated experimental protocol.

:
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CHAPTER 7

GUANIDINE CAUSES INCREASED HYDROGEN EXCHANGE ON ONLY

ONE FACE OF O-LYTIC PROTEASE

X

º
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ABSTRACT

Hydrogen-deuterium exchange rates of labile sites in AEBSF-inhibited o

lytic protease were measured in guanidine concentrations ranging from 0 to

2.4 M, using heteronuclear NMR and *N isotopic labeling. 46 amide sites had

exchange rates measurable under the conditions of the experiment, and these

were classified according to the magnitude of the effect of guanidine

concentration on folding rate. Mapping these classifications to the crystal

structure of the enzyme revealed that those amides most affected by

guanidine reside almost exclusively on the face of the molecule that contains

the active site, while those relatively unaffected by guanidine generally

populate the opposite face of the molecule. This result has implications for

the folding of o-lytic, since the face most affected by guanidine may also be

that which binds the pro region. The pro peptide is presumed to be involved

in a late stage of folding, so the fact that its binding region is the first one to

loosen up under moderately destabilizing conditions implies that guanidine

unfolding may reverse the steps of folding. Evidence suggests that an opening

of the interface between the two domains is an early unfolding step. Other

specific unfolding transitions are hypothesized from the results.
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INTRODUCTION

The mechanisms and pathways by which proteins fold has been an object

of intense interest in recent years (Dobson, 1995), with the ultimate goal of

calculating folded structures from sequences. Many techniques are used to

study the problem, among them site specific mutagenesis (Fersht, 1993),

optical spectroscopy (Hamada et al., 1993), circular dichroism (Palleros et al.,

1993), and NMR (Udgaonkar & Baldwin, 1988; Roder et al., 1988; Redfield et

al., 1994). Among these, only NMR can provide information about many

specific sites in a molecule from a single set of experiments. Hydrogen

deuterium exchange (HDX) experiments are used to determine amide

protection patterns at different points in folding (Udgaonkar & Baldwin, 1988;

Roder et al., 1988), infer secondary structure in folding intermediates (Van

Dael et al., 1993), and estimate equilibrium constants between folded and

partially or fully unfolded states (Bai et al., 1995a,b). In the latter instance, a

protonated protein is put into successively more extreme destabilizing

conditions (denaturant or heat) in D.O, and the exchange rates of the various

protected amides monitored. By observing the differential changes in

exchange rates in various subdomains of the protein, it is possible to describe

the unfolding, which may be the inverse of the folding. We report here

unfolding experiments on O-lytic protease, in concentrations of guanidine

ranging from 0 to 2.4 M.
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o-Lytic protease (O-LP) is a bacterial serine protease produced

extracellularly by Lysobacter enzymogenes, and containing 198 residues in its

mature form. In its native host it is produced as a pre-pro construct (Silen et

al., 1988), and when cloned into E. coli, the pro region was shown to be

necessary and sufficient for folding (Silen et al., 1989). Further experiments

showed that the pro worked equally well in trans (Silen & Agard, 1989), and

that when denatured and returned to refolding conditions, o LP folded only

part way, requiring the addition of pro to complete folding (Baker et al., 1992).

With as much as a month-long incubation, no activity was detected in the

absence of pro, which makes the lower bound for the folding transition state

energy -29 Kcal/mol. Efforts are currently underway to determine the steps in

formation of secondary structure during the transition between intermediate

and folded protein (J. Sohl, personal communication).

The stability of o-LP is difficult to determine directly by melting, because

of its intense autolytic activity when subjected to destabilizing conditions.

However, results using mutants that are practically devoid of activity, and

extrapolation of unfolding curves, give a stability of approx. 26 KCal. About 45

core amides are extremely resistant to exchange, with protection factors of at

least 10" (see chapter 6). Most of these amides are too well protected to be

useful probes for the current study. But the outer shell of hydrogen bonded or

somewhat buried amides have protection factors in the range to allow
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exchange rate measurements over the time courses and at the pH used in

these experiments.

BACKGROUND

Hydrogen Exchange: In a stable, folded protein, many of the backbone

amides will be protected to varying degrees from exchange with solvent

hydrogens. Two possible mechanisms protect these amides: participation in

hydrogen bonds and exclusion of solvent by surrounding atoms. In either

case, a protected amide can potentially exchange when a local or global

unfolding event freely exposes it to solvent, through breaking the hydrogen

bond or disrupting the physical barrier. The process is considered to be two

state; in any given conformation the amide is either protected, with exchange

rate of zero, or accessible, with exchange rate equal to the intrinsic rate of that

amide for the given pH, temperature, and buffer conditions (Hvidt & Nelson,

1966; Wagner, 1983). The protein is in thermal equilibrium with its accessible

partially- or fully-unfolded states, with rate and equilibrium constants

dependent upon the AAG and the energy barrier height between the two

states. While there may be many different transitions that expose any given

amide, those that have the highest equilibrium constants with adequate

kinetic accessibility will dominate the observed exchange rate.

The mechanism governing amide exchange with solvent is described by

Eqn. 6.2 (Chapter 6). Rearranging Eqn. 6.5 gives us:
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k,(7.1) K. =
int

k.

... are the rate constants for observed and intrinsic amide
intwhere k, and k

exchange respectively, and K., is the equilibrium constant between the open

and closed states. Since kº, is known for any normal pH, temperature, andint

sequence (Bai et al., 1993), measurement of k, provides Kºr Then the free

energy of the transition is calculated from:

(7.2) AG, = -RTIn(K.)= -arm■ :
int

A protected amide can become exchange competent through global

unfolding (NeL) – indeed, all amides do so if the unfolding it truly global –

or through local fluctuations that open up a particular region of the molecule

(Ne■ ), where N, U, and I are the native, unfolded, and locally opened states,

respectively (Woodward & Hilton, 1980; Qian et al. 1994). Qian et al. have

formulated the relationship between the equilibrium constants and the

observed free energy of exchange AG, as:

(7.3) AG, --RTIn(K, 4 (1 + K.)K.]

where, in Qian et al.'s nomenclature, K, is the equilibrium constants for

global unfolding, NeL, and Kl., is the equilibrium constant experienced by

the i'" amide in the local opening interaction Nel. Eqn. 7.3 illustrates the

dependence of the observed protection factors on both the local and global
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equilibrium constants. It should be noted that o-LP is an unusual system in

that its global unfolding rate can be completely neglected under all reasonable

circumstances, so any observed exchange must be due solely to local

fluctuation:

(74) AG, --RTIn K.

In describing their simple two-process model, Qian et al. make the

assumption that the transitions represented by K., are insensitive to

denaturant, and their analysis of the data of Mayo and Baldwin (1993) was

consistent with that assumption. If it holds for all proteins, then in the case of

o-LP one would expect to see all amide exchange rates virtually immune to

denaturant concentration, since the global unfolding cannot have a

significant effect. Other studies, however, have shown amides with different

susceptibilities to denaturant (Bai et al., 1995b), which leads to the conclusion

that some unfolding reactions are not global, but are denaturant-dependent.

Unfolding Transitions and m Values: The free energy of unfolding, AG,

has a linear dependence on denaturant concentration with slope -m:

(7.5) AG,([d]) = AG. – m|[d]

where AG” is the free energy of unfolding with no denaturant, and [d] is the

denaturant concentration. m is dependent on the amount of buried

denaturant-sensitive surface area exposed in the transition. m is a very
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important value – the goal of this study is to measure m for as many

exchangeable amides in o-LP as possible – so I will devote some space

describing it in detail. In Eqn. 7.5 m refers to the global value, but each

individual amide has its own susceptibility to [d], and thus its own m,

sometimes called micro m (Mayo & Baldwin, 1993), and this micro m can

vary with [d], as described below. In the rest of this report, “m" or “m value”

will mean micro m, because specific amides, and not global properties, were

studied. In this case, Eqn. 7.5 still holds, but instead of global unfolding free

energy AG, we have the free energy of exchange AG., for that particularu/

amide and transition.

Since it exposes all buried surface to denaturant, the global unfolding

transition will have the highest m value of all possible transitions in a

protein. There will be many small transitions that expose negligible new

buried surface, which will all have m = 0. In-between these extremes lie all

the possible partial unfolding transitions, whose m values will depend upon

their exposed surface area, and whose initial rates depend upon their AG”.

Figure 1(a) describes a hypothetical case of an amide exposed to exchange by

four different transitions, each with its own AG” and m. At any denaturant

concentration [d], the measured m value is governed by the dominant

transition at that point. In our hypothetical case, we can suppose the amide is

hydrogen-bonded on a surface hairpin. The transition with the lowest AG”
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Hypothetical protein

Global
ediumA G

AG”

I | |
0 1 2 3

[Denaturant], M

O-LP hypothetical data

3.
5 — Global

B. g
Jº — AG., (observed)
<! AAAA A A *A

*ee
O

-
° e e o

| | | |
0 2 4 6 8

[Denaturant], M

Figure 1: Simulated data to illustrate points in the text. (A)m value plot of hypothetical
protein with an amide that exchanges by several different mechanisms. Each color traces
AG vs. [d] for a single transition. Observed curve (black) is smooth, but can have several
different slopes in different regions. (B) Cartoon with hypothetical data to illustrate the
situation with O-LP The observable datapoints are so far from the global unfolding trace
that we cannot expect to see curves that coalesce on the global line, even if folding were
reversible. Note that since stability is presumably conferred upon o-LP not through
global free energy but through a high barrier to unfolding, the red line is really showing
AG to the folding transition state. In the actual data, observed exchange derives from
reversible partial unfolding transitions, and so the AG values are equilibrium values.

212



dominates at low [d]; this would be a simple breaking of the H-bond with no

larger unfolding, so the m would be near zero (violet trace). Note that this

transition extends to high denaturant concentrations with the same low m

value, but it is swamped by other transitions at high [d].

The second transition we can suppose to be a peeling off and separation of

the hairpin from the surface – this would expose a moderate amount of

buried surface area, and so would have a moderate m value (blue trace). In

this hypothetical case the blue transition begins to dominate at [d] = 1 M. The

third transition may be the unfolding of the entire domain, with an

associated higher m value and AG” (green trace). In this example, we have set

AG° high enough that this transition never dominates for this particular site,

but note that an amide more deeply buried within the same domain (with a

higher AG, at [d] = 0) but not in the hairpin might exchange through this

mechanism at some values of [d]. Finally, the global unfolding transition has

the highest AG” and m, and ends up dominating all exchange at sufficiently

high [d] (red trace). The theoretical observed curve comparing AG, with [d] is

a smooth curve tracking just below or on top of the line representing the

dominant transition at any [d]. Note that the amide is experiencing all four

any transition significantlytransitions, but since AG, varies as the log of k

above the lowest one at any particular [d] adds only negligibly to the total

measured exchange rate.
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Interpretation of m Values: The m value measured for an amide reflects

the magnitude of the transition that opens it up to exchange. A high m value

reflects a large transition that exposes lots of buried surface, and therefore

would presumably expose many amides to potential exchange. If an amide

has a high m value, one would expect some neighboring amides to also have

that same high m value, unless they have an easier exchange transition

(which would be measured as faster exchange). Thus a group of neighboring

amides with similar m values and exchange rates (AG”) would suggest the

presence of a single transition that opens up the region containing that group.

This has in fact been reported in cytochrome c (Bai et al., 1995b). Bai et al.

postulate that when several curves on a AG, vs. [d] plot merge with a straight

line, in indicates a point where a partial unfolding transition containing the

merging amides becomes dominant. They call the open states PUFs (Partially

Unfolded Forms), and show that cytochrome c can be broken down into five

separate elements, four of which form PUFs while the fifth only opens up in

the global unfolding transition. However, with o-LP we do not expect to see

such behavior in detail, because the nature of its stability and voracity

(autolysis) prevents the use of the extremely high denaturing conditions

necessary to follow all traces to their merging points (see Fig. 1(b)). Still, we

expect to be able to interpret the early unfolding behavior by grouping amides

according to their initial m values, and mapping them to the crystal structure.

If a set of amides are located in one region and share an m value, that may
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suggest a cooperative local partial unfolding reaction forming a PUF, and the

size of m would indicate the magnitude of the transition. A region of amides

with low m values would be relatively stable to denaturant, with no

substantial structural unfolding. This could possibly have implications for

understanding the late folding pathway, since it has been suggested that the

unfolding pathway may mirror the folding pathway (e.g. Bai et al., 1995b).

However, it must be remembered that o-LP folds with the help of pro, so the

folding and unfolding pathways may differ considerably.

MATERIALS AND METHODS

Sample Preparation: "No-LP was produced and purified as described in

chapter 4. The protein was inhibited with [4-(2-Aminoethyl)-

benzenesulfonylfluoride, HCl) (AEBSF, Calbiochem) by setting the pH of a

~5mg/ml protein solution to 7.0, then adding AEBSF to 1 mM concentration

and incubating for a number of hours. Several times per day the solution was

adjusted to pH 7.0 and a fresh dose of AEBSF added. The activity was

monitored by our standard assay described previously, and the enzyme was

considered fully inhibited when there was no change in activity between

AEBSF additions. This occurred after two days and usually five doses of

AEBSF, and the residual activity was near the detectability limit, showing

about 10° the activity level of native protease. The protein was then

concentrated to approx. 80 - 100 mg/ml for the experimentation, in a buffer of
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10 mM phosphate at pH 7.0 that contained 10 mM TSP as a lineshape

reference.

Deuterated dry guanidinium hydrochloride (GCI) was produced by

dissolving 1 gm. GClinto 10 ml D.O (99%), lyophilizing it dry, adding another

10 ml D.O, and lyophilizing that dry. Two D.O solutions were prepared, one

at 4.0 M GCl, and both were adjusted to pH 7.00 and buffered with phosphate

(10 mM for the first set of experiments, and 100 mM for the second set, 1.6 - 2.4

M GCI). In the first set of experiments, each sample was prepared

immediately before insertion into the magnet by combining the buffered GCl

with the buffered D.O in the appropriate ratios for the desired final GCl

concentration. 180 ul of this was combined with 45 ul of the protein solution

and inserted in a plugged NMR tube (Shigemi), degassed and sealed with

Parafilm, then inserted into the magnet which had been pre-shimmed to a

similar sample. The magnet was tuned and the experiment set up as fast as

possible, and normally the first 2-D experiment was initiated around 20 min.

after the mixture of the sample. The second set of experiments was similar,

except that buffers of appropriate GCI concentration were prepared

beforehand and pH adjusted to 7.00. Also, the protein solution for these

experiments was buffered with 100 mM phosphate. All experiments were

carried out at 24°C.
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The sample used for assignment of the spectrum was prepared from the

same protein, put into 93% H.O/7% D.O at pH 7.0 in phosphate buffer. Its

concentration was about 3 mM.

NMR Spectroscopy: All NMR spectroscopy was performed on a Varian

Unity-plus 600 spectrometer equipped with actively-shielded pulse field

gradients and a triple resonance 5mm probe, except for the three sets with the

highest guanidine concentration which were collected on an identically

equipped 400 MHz instrument (spectral widths were scaled with these

experiments). Exchange rates were monitored by measuring the decay of

signal intensity from gradient- and sensitivity-enhanced (Palmer et al., 1991)

2-D HSQC experiments (Morris & Freeman, 1979; Kay et al., 1992) containing

128 complex points in ti and 1024 in tº, with spectral widths of 1700 and 10,000

Hz, respectively. The number of scans / FID ranged from 8 to 64, depending

on time constraints. All spectra were processed using nmrPipe (Delaglio et al.

1995). Lorentz-to-Gauss window functions were applied in both dimensions

(after linear prediction in ti), and after zero-filling, the untrimmed final size

was 512 x 2048 points. 1-D presaturation spectra were collected at various

times for calibration purposes (see below), each consisting of 288 scans with a

2 sec. presaturation delay. They each had 2048 complex points and a spectral

width of 8600 Hz.

Because of the presence of the inhibitor in the active cleft of the molecule,

a number of the amide chemical shifts moved in unpredictable ways from
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their positions in the assigned spectrum of the native protein. To ensure

accurate and complete results, we re-assigned the inhibited molecule using

two 3-D experiments in H.O, a TOCSY-HSQC (Marion et al., 1989a) and a

NOESY-HSQC (Marion et al., 1989b). Since most of the peaks had not shifted

and so were already assigned, we did not need extreme resolution. Thus the

experiments were only 10 - 12 hours each, consisting of 4 scans/FID, 40

complex points in ty, 47 (TOCSY) or 67 (NOESY) complex points in tº, with

spectral widths of 10000 Hz, 7500 Hz, and 1680 Hz in oa, o, and ol,

respectively. The TOCSY used DIPSI with a power level of 8930 Hz and 48.4

msec mixing time, while the NOESY used a mixing time of 140 msec.

Data Calibration and Analysis: The samples degraded with time, at a rate

that rapidly increased at higher guanidine concentrations. The data therefore

needed adjustment by a factor reflecting the amount of folded protein in the

sample at the time of each timepoint. To accomplish this, we collected 1-D

presaturation spectra with 288 scans at a consistent gain setting, and measured

the intensity of the two furthest upfield methyl peaks, which are only present

in fully folded protein. These intensities were plotted and a smooth curve fit,

then for each timepoint the 2-D peak heights were divided by the fraction of

protein remaining at that time according to the 1D spectra. We could not fit

an exponential to the degradation curves, probably because there are several

factors contributing to the degradation rate that change with time, including
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protein concentration and the concentration of proteolized peptides that

could block proteolysis from the residual active enzyme.

Intensities were measured using Sparky (Kneller, unpublished), and were

determined by measuring peak heights. Intensities were adjusted as described

below, and then fit to an exponential function

(7.6) y = a + be”

where a, b, and k, were all optimized using a simplex algorithm (Press et al.,

1988) to minimize a least-squares fit. Since the samples contained 20% H.O.,

the value of A was expected to be approx. 20% of the initial intensity, and in

cases where the decay had not gone to baseline by the end of the timecourse,

an additional artificial point was added at 5000 hours to force the fit to be

reasonable.

We collected short (8 scan / FID) 2-D spectra at the beginning of a time

course to have several early time points, necessary for measuring the more

rapidly exchanging amides. But when decay is exponential, as the time course

proceeds the length of time between time points necessary for a good fit

increases, allowing longer experiments which provide better signal to noise.

Comparison of non-exchanging core amide intensities confirms that the peak

heights scale directly as a function of the number of scans, while the noise

scales by the scans / N2. Thus we collected as many scans as time allowed,

and scaled the intensities and noise by dividing each by (NT * NF), where NT

is the number of transients divided by 8 (all experiments used a multiple of
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8), and NF is the fraction still remaining in the native state at the time,

determined from the 1-D spectra. All curve fitting used individual sigma

values taken from the scaled noise level, giving smaller errors (and thus

stronger weight) to datapoints collected with many scans. For the OM sample

we collected at the following times (in hours): 0, 0.6, 1.2, 1.8, 3.0, 6.0, 32, 63,248,

776, 1120; and with the following numbers of scans (respectively): 8, 8, 8, 16,

32, 16, 16, 8, 8, 32, 32. This was a typical set of parameters for all GCl

concentrations (with variation caused by spectrometer scheduling), except

that for 1.33M and higher, the timecourse was cut short due to loss of sample.

RESULTS AND DISCUSSION

Assignments: Most of the peaks in the 2-D "N - "H correlation spectrum

were assigned by inspection. The 3-D TOCSY and NOESY spectra were then

used to sequentially follow the assignments for confirmation. Unassigned

peaks were assigned by finding NOEs between the amide and neighboring

hydrogens of known chemical shift, and also by observing the chemical shift

of the Hos, which typically differed from the uninhibited assignment by only

a few hundredths of a PPM. Between these two methods, all relevant peaks

were assigned. (Any peak weakened by rapid solvent exchange at pH 7.0 was

not relevant to this study). A table of assignments of AEBSF-inhibited o-LP at

24°C., pH 7.0 is provided in the appendix. One far downfield peak that has no

potential partner in the assigned native spectrum is currently unassigned, but

it is almost certainly an active site peak, (probably G141, from the boro-Val
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results in Chapter 4), and so its exchange characteristics will be most strongly
-

affected by the presence of AEBSF and of little structural relevance.

Rate Measurements: We collected a total of 88 2-D and 50 1-D spectra.

Figure 2 shows some representative 2-D spectra from two different GCl

concentrations. The resolution was adequate to find accurate heights for most

peaks. Notice the severe degradation in the 2.0 M spectra, which is evidenced

by the appearance of many new peaks in this region. After adjustment as

described above, the data were fitted to exponential decays, and the fits

evaluated for goodness. We used several criteria -- the residual gamma()

(Press et al., 1988) should be reasonable (we found that even 0.1 was a decent

fit), and the value of a (from Eqn. 7.6) should be approximately 20% of the

initial intensity. (Because we measured intensities using unfitted peaks

heights, and the weaker peaks were often near the noise level, the value of a

was often a bit above 20%). If a fit was not good, we tried to find the bad data

and correct or eliminate it -- often the late points were contaminated with

degradation products. At GCI concentrations up to 1.06 M the time course

was long enough to ensure that most exchanging amides reached baseline

equilibrium, and the fits were reasonable. At higher concentrations the time

courses were shorter (see explanation below), and the slower-exchanging

amides did not reach baseline at the termination of the experiment. Since the

intensities did not reach the 20% value, the fits often produced values of a

(Eqn. 7.6) quite far from the expected value. After adding a point at 20% of the
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0.53 M Guanidine Exchange Data
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Figure 2 A-D: Samples of NMR spectra taken at various times for the sample in 0.53M
GCl. This region is relatively crowded and is prone to collecting peaks from breakdown
products, so was chosen to display some of the worst data. Even after > 1 month, little of
the protein has broken down, and the spectra are still clean. (Compare with Fig. 2, E-H).
Fits for the residues shown are in Fig. 3. Note the number of scans collected, which
explains the fact that some peaks are larger at 1130 hours than at 47 hours.
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2.0 M Guanidine Exchange Data

E. F
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Figure 2 E-H: Similar to preceding page, but with 2.0 M GCl sample. The same peaks
are represented, but this time the substantial buildup in breakdown products is
obvious. 113 hours was the final time point, as only about 30% of the protein was left by
then, and the spurious peaks were destroying the data.
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initial intensity at a very long time, the fits became more physically

reasonable, and visual inspection of the data and the fit confirmed that the

reported rate was good. Figure 3 shows fits of the exchanging peaks seen in

Fig. 2. These cover a range of rates, from very fast (Ala 42) to fairly slow (Ala

98). Other labeled peaks in Fig. 2 do not exchange appreciably. Except for Ser

179 at 2.0 M, all fits are good. These amides are representative, and were only

chosen because the small region of the spectrum displayed in Fig. 2 has four

exchanging amides with a broad range of rates, and simultaneously showed a

particularly bad region for degradation peaks.

Problems and Solutions: The degradation measurements show that

between 0 and about 1 M GCl degradation is minimal and meaningful data

could be collected even after >1000 hours. As the concentration increased

above 1 M, degradation rapidly worsened until at 2.4 M, the sample degraded

to approx. 30% intact within 25 hours. Unfortunately, degraded sample was

proteolized by residual active enzyme into small peptides with chemical

shifts in the averaging range (8 - 8.5 in co, and 116 - 125 in col). Since there was

20% residual H.O in the sample, these peptides produced many peaks in this

region that grew in size as the peaks of interest shrunk (see Fig. 2 g-h). Thus

in many cases data had to be truncated because the peptide peaks

overwhelmed the protein peaks (e.g. Ala 98 in Fig. 3 c), and in some, even

with the addition of an artificial long time point the rates could not be

determined accurately. Since the 2.4 M sample was very short-lived and
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0.53 M Guanidine

Full time course
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Figure 3 A-B: Least squares fits of the intensities of the peaks shown in Fig. 2
A-D, fit to an exponential with residual function. (A) shows the full timecourse,
while (B) contains an expanded view of the first 50 hours. Even the rapidly
exchanging A42 has a well characterized rate. S179 is exchange broadened,
leading to a weaker initial intensity and somewhat greater error (as a percentage
of intensity).
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2.0 M Guanidine

C. Full Time Course
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Figure 3 C-D: Least squares fits of the intensities of the peaks shown in Fig.
2 E-H, fit to an exponential with residual function. (C) shows the full
timecourse, while (D) contains an expanded view of the first 50
hours.Because of sample degradation and spurious peak buildup, R129 and
A42 do not complete the timecourse. At this GCI concentration, A42 is almost
too fast to measure, but the data are still useable. S179 is too weak to
measure, however, or is too fast exchanging.
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suffered the fastest build-up of peptide peaks, its rates should be considered

tentative.

A major problem was pH control of samples. The protocol for the

original set of experiments involved mixing three different solutions into

one sample (D.O buffer, GCI in D.O, and protein in H.O), all previously

buffered with 10 mM phosphate and pHed to 7.0. Dilution effects were

ignored, as were isotope effects on pH measurements. Yet the measured

exchange rates were consistently slower for higher GCI concentrations, even

though theory tells us they should be the same or faster. The 1.6M and higher

samples were destroyed after they had become hopelessly degraded, but the

others were preserved and their pH's measured after the timecourse had

finished and the samples were removed from the NMR tubes. There was a

striking pH drop that was greatest at high GCI, and negligible at zero GCl.

This result partially explained the slower rates, and the rates of the samples

between 0.26 M and 1.33 M were multiplied by the correction factor log" (7.0/

pH, ). The three highest GCI concentrations were repeated with better pH

control as described in methods, and after the experiments were finished the

pH's were measured and found to be unchanged.

This improved the data, but they still diverged from physical reality. The

m value of an amide is the negative slope of the graph AG vs. GCl (see Fig. 1);

it indicates the susceptibility of the site to being opened up by increasing

guanidine concentration. Since increasing GCI should never stabilize a
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protein, m must be positive or zero. However, while some of the amides

showed positive or zero values of m, others showed negative values, and

these had a fairly consistent slope. Since this is not physically reasonable, we

assumed some sort of systematic error or GCl effect on intrinsic rates, and

calculated a correction factor that best reduced these slopes to zero. This

correction factor was applied to all data, and the results calculated, categorized,

and mapped to the molecule. As a result of the various corrections applied to

the data, in combination with the high error in the degraded samples, the

results of this study are best treated as an accurate representation of the

relative sensitivity to GCI of different amides, but not as quantitatively

accurate values of m or AG.

Exchange Rates and m Values: Figure 4 shows the graphs of AG, vs. [GCl]

for most of the amides that exchanged under the conditions used. We have

categorized them into six groups, based on approximate m values. Notice

that the points near the top of the graphs at high AG represent the slowest

exchanging of the amides used, and therefore they did not always exchange

far enough to generate a good fit -- hence their scatter is greater, especially in

the higher concentration region where the time courses were shortened by

degradation. Also note that the amides with the lowest AG are fast

exchangers, so their are few useful time points, leading to greater uncertainty

(e.g. see Ala 42, Figs. 3(d) and 4(d)). Similar plots from other labs (Mayo and
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in Figure 5.
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Figure 4 C-D: Plots of AGe. for those residues showing moderate effects from
GCI concentration, implying a moderate m value. See legend for Fig. 4A-B.
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Baldwin, 1993; Bai et al., 1995b) have shown a tailing down as [GCl] increases;

eventually all curves merge with the line representing the AG of unfolding at

different (GCl]. We did not expect to see this behavior, since the GCl

concentrations used here were not high enough to cause global unfolding.

Englander (Bai et al., 1995b) describes groupings of amides, and suggests that

individual subdomains have their own characteristic susceptibility to

guanidine. This leads to the hypothesis that the most susceptible subdomains

are the first to unfold, and the last to fold. While few of the plots described in

this study have a clearly recognizable shape, many of them definitely drop in

AG as IGCl] increases, and others definitely do not. Thus amides in o-LP may

be grouped in a similar manner to Englander's work, perhaps illustrating the

early unfolding pathway. The categories are illustrated in Fig. 4, af, and the a

colored square shows the color for those residues used in Fig. 5.

Figure 5 is a backbone plot of native o-LP, color coded to represent the

general trend of the data. Purple and blue colors correspond to amides with

little or no change in exchange rate with [GCl], green and orange to those with

moderate rate increase, and pink and red to those with dramatic rate |

increases. The molecule is oriented to show the cleft between the two

domains (black curve), with the binding pocket on the right. The two

locations where the backbone crosses between domains are indicated by small

black ovals. All hydrogen bonds of measured data are shown, as are the other

interdomain H-bonds (that have exchange rates outside the range measurable
232



Figure 5: Stereo view of the backbone of o-lytic protease, color coded
to indicate the susceptibility of the exchange rates of individual amides
to guanidine concentration. Purple and blue are the least susceptible,
and red the most. The division is clear between the susceptible region
(right and close) and insensitive region (left and rear). Purple sphere
marks the site of substrate binding and cleavage; black curve
delineates the interface between the two domains; two black ovals
indicate approx. location of where the mainchain crosses between
domains. Hydrogen bonds are thin blue/red (for Nitrogen/Oxygen)
lines. Black labels are residues with interdomain H-bonds that
exchange too fast (G61) or too slow (V88.V79) for measurement under
the study conditions; their hydrogen bonds are illustrated by thin
dashed blue/red lines.
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at pH 7), whose donors or acceptors are labeled with black. The active site is

marked by a purple sphere.

The majority of the blue and purple residues, and only a single orange

one, reside on the face opposite from the binding pocket, near the region

named the hinge region in Chapter 6 or in one of two other locations on that

face. Most of the residues colored orange, magenta, or red are on the binding

pocket side. This striking polarity suggests that guanidine destabilizes the face

that surrounds the active site. Implications of this observation are considered

below.

Global Unfolding Transitions: First, from a global perspective, we

observe that most of the colored residues are on or near the surface of the

protein. This is due to the extreme stability of o-LP, such that at pH 7, few

internal residues exchange appreciably. A significant exception is S18, which

in native protein is a very slow, core exchanger. But it's acceptor is the active

site serine S143, which is also attached to the AEBSF inhibitor. Thus, the fact

that its r, measurable here at pH 7 is probably due to a weakening of the

hydrogen bond. S18–S143' is the central inter-domain H-bond, and the fact

that its m value is among the highest observed suggests a global opening of

the two domains under increasing IGCl]. This hypothesis is supported by the

'I have used the notation XX—YY to denote an exchanging residue XX, whose amide is H

bonded to the carbonyl of YY.
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observation that the other nearby H-bonds that may be disrupted by such an

event, including donors R129, C37, N62, G38, and L180, all have high m

values. Such a global opening between the domains would have little effect

on the hinge region or the residues near it (e.g. L76, G112), and this is in fact

observed.

Regional Unfolding Transitions: On a more detailed level, many

intriguing hypotheses can be presented for specific unfolding transitions,

supported by the consistency of the data in many instances. Individual

structural elements that have several measured amides are the best subjects

for this analysis. If indeed the two domains separate early in unfolding, what

would that imply for neighboring structures, and is it supported by evidence?

First, there are two hairpins that meet on the right hand side in Fig. 5, with H

bonds G61–V128 and R129—N62 holding them together. G61—V128 is too

weak (fast exchanging) to be accurately quantified at pH 7, but R129—N62 is in

an easily measurable range, and has a high m value. Thus the separation of

the domains at this location is similarly susceptible to [GCl] as is S18. Once the

domains are split, both hairpins would be less constrained, with increased

entropy. Three different H-bonds, V119—L131, A121->R129, and V128—A121,

hold one hairpin together, and all three have similar moderately high m

values, a little bit less than R129 or S18. On the other side, N62— G60 also has

a high m value. This suggests that as the domains separate, these two
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hairpins loose their structure (which would incidentally destroy the integrity

of the binding pocket). Another binding pocket player, G160, is the acceptor

for L180—G160, which has a very high m value, as does G145—D142. This

latter H-bond is deeply buried (almost 6 A from the solvent), but lies adjacent

to the domain boundary, so would become accessible upon domain

separation. Moderately high is the region around C37 as well. Many residues

that do not participate in strong H-bonds but are sterically protected from

exchange are also in the region, with high m values, including T106, G139,

M138, D63, and I172 (see Chapter 5 for a discussion of the importance of I172

to the enzyme). Thus one gets a picture of a general loosening of secondary

structural elements and release of surface features concomitant with the

separation of the domains in the binding cleft. This transition would open a

great deal of buried surface to solvent, which explains the high m value, and

apparently opens up amides that have no other accessible way to exchange,

since the effects appear in low GCI concentrations.

On the lower right side of the molecule in Fig. 5, a turn connected by

A42—T39 leads to a hairpin that includes I46, V51, and T53. All of these

amides have at least moderately high m values, which would imply that this

piece of structure unfolds under the study conditions, unburying a substantial

amount of surface area. However, several other hydrogen bonds have low m

values, including F54—A42, A55—W66, and A56–W66, and all of these

would be expected to break in the same transition. F54 is closer to A42 in m
236



value, but the other two are substantially lower. The pattern suggests that the

entire loop and hairpin from C37 to T53 opens up in a big transition, but A55

56 maintain their connection with the next 3-strand. However, I am

suspicious of such a pattern, so this anomaly must go unexplained for now.

The subdomain on the top of Fig. 5 is a stable region, that apparently is

only slightly affected by GCI in the concentrations used here. A group of

residues form a tight piece of structure and show low m values. G97—I114

holds the G97 hairpin against the surface, while a parallel H-bond, I114—A98,

does the same. Though categorized slightly differently, an interesting

observation is that in the first four GCl concentrations, these two amides

have identical patterns. G112—V100 contributes to stabilizing the same two

segments, while T115–Q133 and Q135—T113 connect the central segment to

the next interior one. This cluster of residues is relatively far from the

binding pocket and from the domain interface, so it makes sense that it would

have a different set of mechanisms for its unfolding. From the consistently

low m values, it appears that it is a region that does not unfold easily, but

only undergoes minor fluctuations that allow exchange of the surface amides.

Though a bordering amide A136 has a high m value, it is not hydrogen

bonded but relies on steric interference, in part from the loop containing I172,

which unfolds early in conjunction with the binding pocket deconstruction.
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Far in the rear of the molecule in Fig. 5 is the short o-helix that runs

between the two domains. Most of its members exchange too rapidly or too

slowly for inclusion in this study, but four residues either within or bordering

the helix are included here. R183 and L184— Q155 have high m values, while

Y191—I187 and L193—L188 have low ones. L184 is > 5 Å from solvent, so

would need a large transition to open up to exchange. It is on the N-terminus

of the helix, and thus has an H-bond partner that is not part of that structure.

Its location is next to the domain boundary, so if the opening of the domains

reached that far across the molecule, L184 would be open to exchange. Y191

and L193, on the other hand, are on the C-terminal end of the helix, where

the backbone bends to the left (in Fig. 5), so would presumably only need a

minor stretching of the helical structure to open both to exchange. Such a

transition would not expose much new surface area to solvent, hence the low

m values of both amides. Also, from their geometry it would be reasonable to

suppose that a single transition could make both of them exchange

competent, and this is further suggested by their similar m values.

Finally, in the hinge region (left side in the figure), with the single and

unexplained exception of V86, all amides have very low m values. I3–T74

and L76—I3 hold the N-terminal sequence to the strand that passes between

domains. In the other domain, G90— G152 connects the interdomain strand to

the 150s hairpin. In-between, A80–G5 helps hold together the two domains,
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as does V88—P77 (which exchanges too slowly for this study). All of these

residues (except V88) have low m values, suggesting that this entire region

undergoes no major unfolding transition in the guanidine concentrations

used here. But V86—V79 is an anomaly – a moderately high m value right in

the middle of this hinge region. Even more puzzling, the parallel H-bond

V79–V86 is highly protected, suggesting that these two residues do not

separate much for the exchange of V86. Yet the high m value of V86 implies a

relatively large transition opening it up to exchange. The likely explanation is

simply statistical fluctuation in the data, given the many sources of error.

There are no reasons to believe A80 or V86 are troubled by degradation

products, since they are not in the center of the spectrum, but a glance at Fig. 4

makes clear the large scatter in exchange rates, caused by the many sources of

error.

A Caveat: It must be remembered that all references to O-LP in the course

of this study are to AEBSF-inhibited enzyme. We do not know details of the

structure, stability, or other biochemical characteristics of this combination.

The inhibitor is known to bind to the active site serine, and would

presumably hang out of the binding pocket, where there is ample room for

the tether. But the actual effects of the AEBSF are unknown, and could affect

the unfolding described in this chapter. AEBSF-o-LP was found to be rather

unstable at pH 4 or 5 in 1 M guanidine, precipitating in a matter of hours. Yet
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at pH 7, it lasted a month or more. We do not know whether this is true of

native o-LP. Hopefully, the effects of AEBSF are limited to S143 and perhaps

its neighbors, and the results of this study will be useable with other ongoing

projects probing the folding of o-LP.

CONCLUSIONS:

The study described here has provided some intriguing insights into the

unfolding of o-LP in guanidine. Although the amount of error prevents a

quantitative analysis of the data, the qualitative analysis, based on relative

exchange rates, should be reliable. In fact, the data showed excellent

consistency in most places where one would expect to find it. m values were

calculated from exchange rates in varying concentrations of guanidine, and

these values used to identify possible unfolding pathways.

Overall, a striking polarity was found in the enzyme, with high m values

found on the face of the molecule containing the binding cleft, and low

values on the opposite side. Further analysis revealed a pattern that is

consistent with a set of transitions in the unfolding of the molecule that

begins with the separation of the domains at the active site, and the

concurrent disintegration of the 120s and 60s hairpins and the C37 - T53

surface structure, and the opening up of the 170s loop. The regions around

G97, G90, I3, and the helical portion around Y191 appear to be stable in the

concentrations of GCl used in the experiments (up to 2.4M).
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The pro region peptide acts as a foldase for o-LP, and is thought to bind to

the binding pocket face of the molecule. Although details of its binding are

still under investigation, the results of this unfolding study imply that the

same face of o-LP that is stabilized by pro is the first to unfold. It will be

interesting to see whether the detailed binding of pro matches the exact

structures that unfold first in denaturant.

FUTURE DIRECTIONS:

This study represents just a first step in the elucidation of the unfolding

pathway of o-LP. The ultimate goal will be to combine unfolding studies with

folding studies, to fully understand the pathways of both folding and

unfolding, and to see the differences or similarities of folding with pro and

unfolding without. In order to achieve this goal, several approaches should

be followed:

(1) Experiment with dead enzyme (e.g. SA195), not inhibited. This is

important to be certain that active site destabilization is not caused by the

inhibitor flopping around in the binding pocket. In addition, CD

denaturation studies on SA195 and AEBSF-O-LP have different results —

the SA195 provides a curve that suggests it is not suffering serious

autolysis, while inhibited enzyme appears to degrade rather quickly,

apparently by autolysis. Whether this is due to a difference in residual
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activity or a difference in stability is not known. Using SA195 (or the

equivalent) will remove this uncertainty.

(2) Try different pH ranges. Although the risk of EX1 behavior increases at

high pH, I believe that a similar approach at pH 8 or 9 will yield

complementary results that will look deeper into the protein. At pH 7,

only the surface shell of the protein was probed. If the domains are being

split, some more deeply buried residues should become exchange

competent, and this may be observed at higher pH. Lower pH could also

be used to see whether m values of even faster exchangers correlate with

the results seen here. But this would have to be with a different system

than AEBSF, because of the instability at pH 4-5 mentioned above.

(3) Try different temperatures. For some of the same reasons as (2) above,

higher or lower temperatures will probe different layers of the molecule.

But there is a further advantage with increasing the temperature – the

exchange rates increase, which will again probe even deeper into the core

of the protein. Also, temperature destabilization may cause a different set

of unfolding transitions.
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APPENDIX I

HETERONUCLEAR ASSIGNMENTS OF BACKBONE AND CB RESONANCES OF o-LYTIC
PROTEASE AT 35° C, PH 4.0

Residue HN N HO. HO2 Co. CB C=

A1
-- -

4.12
-

51.9 19.9 173.3

N2 8.50 121.2 5.14
--

52.5 38.8 174.1

I3 9.28 128.0 3.75
-

60.4 34.6 172.7

V4 6.18 126.0 4.17
--

60.1 37.3 175.0

G5 8.97 112.1 3.38 3.67 48.1
-

174.5

G6 9.43 114.0 4.74 3.42 44.9
-

174.9

I7 6.95 113.8 4.44
-

61.5 39.0 175.6

E8 8.45 123.6 4.60
-

56.9 32.9 176.0

Y9 8.70 123.4 5.31
-

56.8 4.1.8 172.3

S10 9.47 116.1 5.69
-

55.1 68.3 175.6

I11 8.86 124.4 4.95
--

63.0 40.3 176.9

N12 9.42 128.2 4.63
--

54.7 37.4 173.8

N13 8.96 113.4 4.33
-

55.0 38.9 175.3

A14 8.19 122.3 4.70
-

54.0 21.8 176.9

S15 7.69 115.7 4.74
-

57.9 65.3 172.7

L16 8.29 122.3 5.16
-

54.2 45.8 176.6

C17 8.19 122.1 4.58
--

55.9 54.0 171.8

S18 9.13 113.8 5.79
--

58.1 66.0 173.8

V19 9.20 128.7 3.03
--

64.6 33.2 176.6

G20 7.60 119.8 4.10 3.74 48.2
-

171.7

F21 6.92 116.2 5.30
--

57.3 45.9 176.3

S22 9.27 123.4 4.84
-

60.9 64.1 174.7

V23 8.87 121.9 5.36
-

60.3 37.7 172.9

T24 8.82 108.9 5.00
-

60.0 72.8 174.1

R25 8.74 125.5 4.43
--

55.4 31.3 1770

G26 9.02 119.9 3.65 4.09 47.6
-

175.0

A27 8.88 132.7 4.38
--

53.2 19.5 178.3

º
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T28

K29

G30

F31

V32

T33

A34

G35

H36

C37

G38

T39

V40

N41

A42

T43

A44

R45

I46

G47

G48

A49

V50

V51

G52

T53

F54

A55

A56

R57

V58

F59

P60

G61

8.14

9.24

8.70

8.28

8.87

8.79

7.26

7.41

9.68

6.77

6.79

6.28

8.52

8.96

8.27

8.63

9.04

8.93

8.50

9.52

8.71

7.67

8.82

8.81

7.48

8.15

9.01

8.32

7.04

8.63

9.32

8.23

8.67

120.1

130.8

110.2

111.0

116.6

122.1

125.8

114.5

118.3

118.8

105.9

108.3

122.2

121.3

125.5

119.7

133.8

123.5

122.3

122.6

108.1

126.4

124.5

121.8

108.7

112.7

125.7

133.7

118.3

117.7

122.9

128.7

113.9

4.26

4.44

5.56

5.89

5.30

5.27

4.69

3.62

4.01

3.83

4.16

3.20

4.31

4.50

4.48

5.97

5.58

4.52

3.99

3.68

4.80

3.98

4.88

4.68

5.45

3.76

4.03

4.42

5.50

4.40

5.48

4.16

3.39

64.2

57.0

47.1

57.5

60.6

60.8

52.4

49.0

58.0

60.6

45.3

59.3

66.9

56.5

53.5

64.6

50.5

55.1

62.2

47.4

45.4

50.8

65.3

60.7

46.6

59.3

60.4

53.4

52.2

55.5

63.8

57.8

63.9

48.2

70.2

35.7

42.9

34.9

71.7

19.1

24.7

45.5

71.1

31.5

38.0

19.8

70.5

21.4

35.0

41.6

21.4

32.4

33.2

73.2

41.2

19.5

23.7

34.0

35.8

4.1.8

30.5

173.6

175.9

173.6

175.3

176.3

171.4

178.3

176.2

175.1

173.5

170.0

174.4

177.6

174.8

178.1

174.5

176.8

176.1

178.0

175.7

173.2

176.9

178.0

174.6

171.9

174.2

175.9

177.7

175.1

174.9

175.4

176.1

175.6



N62

D63

R64

A65

W66

V67

S68

L69

TZO

S71

A72

Q73
TZ4

L75

L76

P77

R78

V79

A80

N81

G82

S83

S84

F85

V86

T87

V88

R89

G90

S91

TQ2

E93

A94

A95

7.39

8.27

8.89

8.11

7.96

8.43

8.15

8.77

8.29

8.82

7.47

7.42

8.34

9.00

7.97

8.08

9.04

9.30

7.71

8.94

8.73

8.03

8.34

9.36

8.72

8.51

9.69

7.60

8.98

9.35

9.00

9.35

8.50

122.0

116.5

116.1

122.3

116.4

125.3

123.2

128.6

114.4

116.2

123.8

118.1

121.0

129.2

123.5

120.3

124.9

132.8

121.7

117.2

124.5

120.1

119.0

124.3

128.5

130.3

128.8

107.7

116.2

126.2

135.8

133.0

127.3

5.70

5.74

5.59

5.11

5.18

3.38

4.58

5.43

4.64

4.20

4.34

4.39

4.47

4.48

4.88

5.71

4.20

4.06

4.36

3.62

4.50

4.60

5.27

4.38

4.75

3.98

4.81

4.49

5.08

4.02

4.41

4.49

4.27

52.9

54.8

54.5

52.4

56.5

60.5

56.6

53.4

61.7

61.5

53.1

55.1

62.3

55.2

61.4

55.3

61.9

54.6

51.6

47.3

59.2

55.7

56.6

61.7

64.4

63.8

56.1

46.0

57.0

65.4

58.2

51.5

51.6

42.9

40.1

36.7

26.4

32.1

33.3

64.0

44.5

70.3

63.6

19.7

27.9

70.2

42.5

28.9

38.3

36.1

19.4

37.6

63.8

64.2

42.0

35.4

69.5

32.3

32.6

63.8

68.9

30.6

19.6

21.3

172.9

174.3

174.0

176.7

171.6

174.0

175.1

178.7

176.0

175.3

178.4

175.0

173.7

176.2

175.9

175.6

174.6

177.0

175.5

175.6

174.3

174.0

174.3

176.7

173.7

175.3

176.8

172.1

175.3

175.8

176.2

177.3

177.5
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V96

G97

A98

A99

V100

C101

R102

S103

G104

R105

T106

T107

G108

Y109

Q110
C111

G112

T113

I114

T115

A116

K117

N118

V119

T120

A121

N122

Y123

A124

E125

G126

A127

V128

R129

8.16

9.02

8.06

8.28

8.96

8.39

8.66

8.19

7.96

7.92

8.96

8.79

7.49

8.24

8.38

8.93

9.02

9.36

8.38

9.71

7.98

8.64

8.75

9.85

8.32

9.16

8.54

7.20

9.13

9.15

7.41

8.00

8.88

8.07

119.9

119.7

125.5

125.1

123.3

125.0

118.2

112.0

119.3

116.3

122.0

113.2

115.0

130.1

127.8

119.8

112.4

121.9

124.0

123.6

124.5

120.2

120.3

126.0

124.3

132.6

124.6

124.5

128.7

115.5

108.9

122.5

125.9

126.4

3.40

3.72

4.46

5.00

4.52

5.12

5.11

5.19

4.07

4.41

4.38

4.53

4.20

5.61

4.63

5.26

4.10

5.50

4.51

4.59

4.50

4.69

3.81

3.96

5.12

4.32

4.76

4.99

4.06

4.10

4.25

4.97

4.04

4.77

66.3

45.0

52.6

52.4

61.5

56.0

53.5

56.3

46.9

57.2

65.8

61.8

47.0

57.2

53.6

56.6

46.6

61.0

62.5

62.6

53.5

55.6

54.5

63.1

61.6

50.4

53.1

55.6

56.1

58.9

44.2

52.3

62.4

55.3

177.2

174.4

177.3

178.3

171.1

171.5

173.8

176.4

174.1

176.8

175.9

175.9

173.2

176.3

175.7

174.4

173.2

174.9

1774

177.2

174.9

174.8

174.9

175.9

174.0

175.7

174.9

177.7

180.5

176.1

171.3

179.9

174.1

176.7
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G130

L131

T132

Q133
G134

N135

A136

C137

M138

G139

R140

S143

G144

G145

S146

W147

I148

T149

S150

A151

G152

Q153
A154

Q155
G156

V157

M158

S159

G160

G161

N162

V163

Q164
S165

8.44

9.00

8.72

8.88

9.58

8.22

6.43

8.98

9.06

10.03

8.27

10.27

7.86

7.18

8.60

9.88

8.13

9.56

7.43

8.45

7.48

9.59

9.35

7.62

9.29

9.70

9.66

7.97

8.69

8.91

7.91

7.70

8.81

107.3

128.4

120.4

129.2

115.1

115.0

120.6

123.7

117.4

109.6

121.2

115.9

102.2

113.8

123.8

127.9

118.1

120.6

122.9

109.1

119.0

138.7

119.9

104.9

113.1

127.6

127.7

107.4

109.6

122.3

118.8

124.1

119.9

4.05

4.48

4.37

4.90

5.64

4.94

4.20

4.93

4.66

3.63

4.36

3.98

5.38

5.21

4.92

4.20

4.55

3.71

4.47

4.17

4.45

4.23

5.57

4.43

47.2

55.6

62.1

54.6

45.1

52.0

52.3

56.4

54.8

45.0

62.6

47.2

45.0

58.4

57.8

60.4

61.2

61.8

52.5

46.8

53.9

53.9

55.6

47.7

59.0

57.9

59.9

47.0

52.7

64.0

54.5

62.0

43.3

68.8

35.0

38.7

19.7

48.5

29.1

44.8

71.6

63.0

19.5

26.4

21.9

31.8

35.8

39.1

64.9

36.4

32.8

30.4

63.1

177.5

176.5

170.9

174.9

173.4

178.0

176.6

170.6

173.9

174.5

171.6

172.3

173.5

175.0

176.1

172.6

177.0

175.4

178.3

175.4

177.0

176.0

177.0

171.3

176.3

175.3

174.3

171.1

174.5

175.9

176.2

178.1

174.8
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N166

G167

N168

N169

C170

G171

I172

P173

A174

S175

Q176
R177

S178

S179

L180

F181

E182

R183

L184.

Q185
P186

I187

L188

S189

Q190
Y191

G192

L193

S194

L195

V196

T197

G198

7.96

8.41

8.26

9.18

9.34

9.15

6.86

8.90

8.32

8.04

7.63

8.73

8.01

9.46

9.66

8.91

9.55

7.98

9.71

7.23

7.75

8.28

7.97

7.05

7.59

8.18

9.10

8.91

7.34

8.16

8.57

120.1

109.6

117.9

120.2

118.9

111.7

116.4

126.6

112.2

121.4

122.7

119.6

125.4

127.4

123.8

127.4

132.4

123.1

121.9

118.3

117.8

113.5

124.4

114.3

113.5

120.4

117.8

129.9

130.0

120.7

116.6

4.60

3.64

5.61

5.34

4.32

3.66

4.82

4.44

3.79

4.26

4.53

4.30

4.37

5.16

5.35

5.20

5.14

4.50

4.25

4.02

4.38

3.45

3.83

4.22

3.81

4.87

3.80

4.58

4.72

4.18

4.07

4.92

3.39

53.3

45.9

53.5

52.3

58.0

45.6

58.0

63.2

56.7

60.8

55.3

58.2

57.4

57.5

54.2

55.1

54.9

58.5

57.3

66.0

66.3

58.6

61.5

59.7

56.6

47.7

53.1

57.0

55.7

64.0

60.4

46.1

37.5

43.1

37.4

44.3

38.4

33.0

18.9

62.9

30.9

33.3

63.6

64.7

45.2

42.5

32.6

31.4

44.4

32.1

39.5

39.9

63.4

27.6

38.9

45.7

64.5

44.4

31.6

72.2

176.6

173.2

175.8

175.6

175.9

173.7

177.8

180.0

175.7

176.5

175.0

172.9

172.7

176.8

171.5

177.1

175.9

179.3

179.3

177.8

180.5

175.5

178.4

175.5

175.4

176.3

174.2

176.7

175.4

174.5
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APPENDIX II

BACKBONE AND CB ASSIGNMENTS OF o-LYTIC PROTEASE COMPLEXED WITH

t-BOC-ALA-PRO-BORO-VAL

Residue HN N HA1(G) HA2(G) CA CB

Ala■ )01
-- -- -- --

51.3 19.3

ASnOO2 8.51 121.3
-- -

52.2 38.1

Ile()03 9.25 128.1
- --

59.7 34.0

Val()04 6.16 126.2
-- --

59.4 36.8

Gly005 8.96 112.2 3.34 3.65 47.5
--

Gly906 9.51 114.1 4.69 3.39 44.2
-

Ile()07 6.91 113.6
- -

60.8 38.5

Glu008 8.42 123.6
- --

56.6 32.6

TyroQ9 8.75 123.9
-- --

56.3 41.3
Ser010 9.47 116.0

-- --
54.6 67.9

Ile()11 8.84 124.6
- -

62.6 39.7

ASnO12 9.44 128.3
-- --

54.3 36.8

ASnO13 8.97 113.4
-- -

54.6 38.4

Ala■ )14 8.21 122.4
-- -

53.3 21.2

Ser015 7.69 115.6
-- --

57.2 64.6

Leu()16 8.43 122.2
- -

53.8 45.9

CysO17 8.27 122.2
-- --

56.0 53.1

Ser018 9.51 114.1
-- --

57.5 65.3

Val()19 9.16 129.2
-- --

63.8 32.5

Gly020 7.68 120.2 4.16 3.68 47.8
--

Phe()21 6.87 116.1
-- --

56.7 45.2

Ser022 9.26 123.4
-- --

60.3 63.6

Val()23 8.87 122.0
- -

59.7 37.0
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Thr024

Argo25
Gly026
Ala■ )27

Thr028

LysO29
GlyO30
Phe()31

Val()32

Thr033

Ala■ )34

GlyO35
His036

CysO37
GlyO38
Thr039

Val()40

ASnO41

Ala■ )42

Thr043

Ala■ )44

ArgO45
Ile■ )46

Gly947
Gly048
Ala■ )49

Val().50

Val()51

Gly052
Thr053

Phe()54

8.82

8.75

9.03

8.89

8.13

9.25

8.71

8.27

8.85

8.77

7.22

7.42

9.81

6.72

6.79

6.26

8.54

8.95

8.27

8.63

9.06

8.91

8.48

9.54

8.72

7.66

8.83

8.82

7.47

8.15

9.00

109.0

125.6

120.0

132.8

120.2

130.9

110.2

111.1

117.0

122.4

126.4

114.6

118.5

119.3

105.9

108.3

122.2

121.3

125.6

119.9

134.0

123.6

122.2

122.7

108.1

126.5

124.6

122.0

108.9

112.7

125.5

4.07 3.62

5.54 3.81

--
3.97

4.50 3.84

3.92 4.00

3.65 4.26

4.25 4.67

59.3

54.8

47.0

52.7

63.6

56.4

46.5

56.9

60.1

60.5

52.0

48.5

57.7

60.4

44.7

58.7

66.5

55.9

53.1

64.3

50.0

54.6

61.6

46.8

44.9

50.3

64.8

60.3

46.1

58.7

60.0
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Ala■ )55

Ala■ )56

ArgO57
Val()58

Phe()59

ProQ60

Gly061
ASnO62

Asp063
ArgO64
Ala■ )65

Trp066
Val()67

SerO68

Leu()69

Thr070

Ser()71

Ala■ )72

Gln.073

Thr074

Leu()75

Leu()76

Pr0077

ArgO78
Val()79

Ala■ )80

ASnO81

GlyO82
SerO83

Ser084

Phe()85

8.32

7.05

8.66

9.39

8.20

8.59

7.43

8.24

8.86

8.11

7.95

8.43

8.15

8.77

8.30

8.83

7.46

7.41

8.33

9.01

7.95

8.07

9.03

9.34

7.69

8.94

8.74

8.03

8.34

133.7

118.5

117.6

122.9

128.5

114.2

122.1

116.5

115.7

122.3

116.3

125.4

123.2

128.6

114.6

116.2

123.9

118.2

121.1

129.3

123.8

120.4

124.9

132.9

121.7

117.2

124.6

120.2

119.1

52.8

51.7

54.8

63.2

57.3

63.2

47.7

52.5

54.5

54.2

52.0

56.2

60.0

56.2

52.8

61.3

61.0

52.5

54.6

61.9

54.7

50.9

60.9

54.8

61.3

54.0

50.9

46.7

58.5

54.9

56.0

18.9

82.7

33.2

35.5

41.2

30.2

42.4

39.6

36.2

26.0

31.6

32.7

63.4

44.0

69.9

63.0

19.1

27.2

69.6

42.0

43.2

28.4

37.9

35.6

18.6

37.0

63.3

63.8

41.4
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Val()86

Thr087

Val()88

ArgO89
GlyO90
Ser().91

Thr092

Glu093

Ala■ )94

Ala■ )95

Val().96

GlyO97
Ala()98

Ala■ )99

Val100

Cys101
Arg102
Ser103

Gly104
Arg105
Thr106

Thr107

Gly108
Tyr109
Gln110

Cys111
Gly112
Thr113

Ile114

Thr115

Alal 16

9.36

8.72

8.51

9.71

7.60

8.98

9.36

9.02

9.35

8.50

8.17

9.03

8.05

8.29

8.96

8.41

8.68

8.24

7.93

7.99

8.98

8.67

7.50

8.18

8.44

8.94

9.06

9.38

8.38

9.75

8.00

124.4

128.6

130.4

128.8

107.9

116.2

126.3

135.9

133.1

127.3

120.0

119.9

125.6

125.2

123.5

125.2

118.3

112.2

118.9

116.2

121.7

113.3

115.0

129.9

128.0

119.8

112.5

122.2

123.9

123.7

124.7

61.1

63.9

63.0

55.4

45.4

56.4

64.9

57.6

50.8

51.1

65.8

44.4

52.0

51.9

61.1

55.4

52.9

55.8

46.3

56.6

64.6

61.1

46.5

56.7

53.1

56.2

46.2

60.7

62.0

62.1

52.9

34.8

69.0

31.7

32.0

63.1

68.4

30.1

18.9

20.6

30.9

20.7

19.0

35.7

49.5

28.9

66.6

27.9

68.7

70.3

40.6

31.9

48.3

72.7

37.6

69.8

21.9
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Lys117
Asn118

Val119

Thr120

Alal 21

Asn122

Tyr123
Alal 24

Glu125

Gly126
Ala■ ! 27

Val128

Arg129
Gly130
Leu131

Thr132

Gln133

Gly134
Asn135

Alal 36

Cys137
Met138

Gly139
Arg140
Gly141
Asp142
Ser143

Gly144
Gly145
Ser146

Trp147

8.65

8.82

9.86

8.41

9.16

8.56

6.77

9.60

9.23

7.46

7.91

8.60

8.06

8.44

8.95

8.73

8.85

9.62

8.20

6.40

8.98

8.78

10.11

8.34

10.50

8.66

10.04

10.24

7.85

7.16

8.65

120.3

120.5

126.3

124.7

133.2

128.4

122.5

130.8

117.0

110.7

123.3

125.9

126.9

107.4

128.6

120.6

129.0

115.6

115.0

120.6

124.0

118.2

110.1

119.9

124.9

121.2

128.4

114.9

102.3

114.1

123.7

54.9

53.9

62.6

61.0

49.5

52.1

55.1

55.4

58.6

43.7

52.2

61.6

54.7

46.6

55.1

61.4

54.1

44.6

51.5

51.9

56.0

54.5

45.0

60.0

45.5

55.8

62.8

46.4

44.5

57.7

57.0 28.4
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Ile148

Thr149

Ser150

Alal 51

Gly152
Gln153

Alal 54

Gln155

Gly156
Val157

Met158

Ser159

Gly160
Gly161
Asn162

Val163

Gln164

Ser165

ASn166

Gly167
Asn168

ASn169

Cys170
Gly171
Ile172

Pr0173

Alal 74

Ser175

Gln176

Arg177
Ser178

9.90

8.13

9.56

7.43

8.45

7.49

9.59

9.40

7.65

9.31

9.62

9.51

7.81

9.31

8.97

8.23

7.70

8.83

7.96

8.39

8.24

9.21

9.37

9.17

6.85

8.92

8.32

8.03

7.65

8.84

127.9

118.2

120.7

123.0

109.3

119.0

138.8

119.9

105.4

112.8

127.4

126.2

106.2

107.6

121.7

119.7

124.0

120.3

120.2

109.6

117.9

120.3

118.9

112.1

115.5

126.6

112.4

121.5

122.6

119.9

4.23

59.8

60.8

61.0

52.1

46.3

53.3

53.3

54.9

47.1

58.5

56.8

59.5

47.8

46.0

52.6

63.5

53.6

61.6

52.6

45.4

52.9

51.8

57.2

44.9

56.7

62.6

56.2

60.4

54.8

57.7

57.0

44.4

71.0

62.4

18.7

25.6

21.4

31.1

35.2

37.5
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Ser179

Leu180

Phel81

Glu182

Arg183
Leu184

Gln185

Pro186

Ile187

Leu188

Ser189

Gln190

Tyr191
Gly192
Leu193

Ser194

Leu195

Val196

Thr197

Gly198

7.89

9.62

9.58

8.95

9.56

8.00

9.71

7.23

7.75

8.27

7.98

7.05

7.57

8.17

9.12

8.92

7.35

8.17

8.57

125.0

127.6

123.6

127.5

132.4

123.2

122.1

118.5

117.9

113.5

124.5

114.5

113.5

120.6

118.0

130.0

130.1

120.7

116.8

56.6

53.9

54.5

54.4

58.0

56.7

61.9

65.4

65.8

58.3

60.7

59.0

56.1

47.0

52.5

56.5

55.0

63.4

59.8

45.6

64.0

44.3

42.0

32.1

30.9

43.8

25.5

31.4

38.8

39.4

62.5

26.9

38.3

45.0

64.1

43.9

31.2

71.6
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APPENDIX III

LOG (PROTECTION FACTOR), FROM EXCHANGE EXPERIMENTS. PH 7 DATA USED

BEST FROM EXCHANGE OR UNFOLDING EXPERIMENTS.

Residue Log(Protection)

I3 5.28

V4 9.59

G5 9.61

G6 9.53

I7 9.81

E8 3.36

Y9 10.25

S10 9.14

I11 3.16

C17 6.22

S18 9.99

V19 10.32

G20 9.86

F21 10.44

S22 8.09

V23 10.45

T24 10.43

R25 5.39

G26 4.83

G30 10.39

F31 10.34

V32 10.57

T33 10.40

258



A34 10.37

G35 10.28

H36 6.19

C37 6.27

G38 5.70

T39 4.30

V40 6.22

A42 4.98

A44 9.73

R45 9.18

I46 6.06

A49 3.03

V50 3.03

V51 5.76

G52 9.94

T53 6.58

F54 5.86

A55 5.93

A56 5.47

V58 8.52

F59 3.03

G61 4.62

N62 6.95

D63 7.74

R64 10.17

A65 10.60

W66 10.48

V67 10.49

S68 10.44

L69 9.91

TZO 3.33
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TZ4 3.03

L76 7.02

R78 9.81

V79 9.87

A80 7.43

N81 4.28

V86 6.29

V88 10.13

R89 7.42

G90 6.70

T92 3.03

A94 5.93

G97 4.75

A98 6.34

V100 10.10

C101 9.55

R102 10.09

S103 9.85

G104 3.31

R105 4.64

T106 4.87

G108 3.62

Q110 6.78

G112 6.33

T113 4.24

I114 6.76

T115 5.35

A116 8.30

V119 7.32

T120 3.03

A121 5.32
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Y123

G126

V128

R129

L131

T132

Q133
G134

N135

A136

C137

M138

G139

G144

G145

S146

W147

I148

T149

G152

Q153
A154

Q155
G156

V157

M158

S159

N169

C170

I172

Q176

3.59

3.03

5.62

5.74

8.90

10.62

10.38

10.42

5.41

5.73

3.03

5.69

7.06

5.88

10.07

10.28

10.05

10.18

9.67

3.20

5.45

9.75

10.40

10.53

10.64

10.35

10.32

4.66

3.36

4.83

3.03
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R177

S179

L180

F181

E182

R183

L184

I187

L188

S189

Y191

G192

L193

S194

V196

G198

4.80

6.73

6.97

10.34

10.14

5.43

9.02

10.02

10.43

3.40

6.48

3.03

7.83

8.29

8.97

3.03

~
º

|-
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ASSIGNMENTS OF AEBSF-INHIBITED O-LYTIC PROTEASE

Residue

I3

V4

G5

G6

I7

E8

Y9

S10

I11

N12

N13

A14

S15

L16

C17

S18

V19

G20

F21

S22

V23

T24

R25

A27

T28

APPENDIX IV

15N *H

128.0

126.1

112.1

114.0

113.9

123.8

123.7

115.9

123.8

128.7

112.7

122.0

115.4

121.7

122.2

113.2

128.1

119.1

115.9

123.3

121.7

108.6

125.3

132.6

120.1

9.31

6.16

8.98

9.44

6.97

8.54

8.78

9.47

8.84

9.51

9.04

8.15

7.67

8.26

8.25

8.97

9.20

7.44

7.00

9.31

8.88

8.82

8.74

8.95

8.15
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K29

G30

F31

V32

T33

A34

G35

H36

C37

G38

T39

V40

N41

A42

T43

A44

R45

I46

G48

A49

V50

V51

G52

T53

F54

A55

A56

R57

V58

F59

G61

130.7

110.0

110.7

117.0

122.2

125.9

114.9

121.2

115.9

105.8

108.0

121.9

121.2

125.5

119.7

134.0

123.3

122.0

107.8

126.3

124.4

121.8

108.6

112.2

125.2

133.5

118.2

117.5

122.8

128.3

113.7

9.29

8.70

8.28

8.97

8.82

7.24

7.65

9.70

6.65

6.79

6.31

8.57

9.01

8.31

8.68

9.08

8.87

8.52

8.78

7.68

8.90

8.81

7.47

8.11

9.02

8.36

7.04

8.67

9,37

8.22

8.65
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N62

D63

R64

A65

W66E?

W66

V67

S68

L69

T70

S71

A72

Q73
T74

L75

L76

R78

V79

A80

N81

G82

S84

F85

V86

T87

V88

R89

G90

S91

T92

E93

122.0

116.4

114.9

121.9

131.8

115.9

125.1

122.9

128.6

114.5

116.1

123.6

118.0

120.7

129.0

123.5

120.1

124.7

132.7

121.3

117.6

119.9

118.8

124.4

128.5

130.2

128.5

107.7

116.0

126.2

135.8

7.35

8.09

8.85

8.12

9.91

7.97

8.44

8.14

8.79

8.31

8.89

7.48

7.44

8.35

9.07

7.98

8.09

9.04

9.33

7.72

9.07

8.03

8.39

9.41

8.78

8.53

9.73

7.60

9.03

9.42

9.07
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A94

A95

V96

G97

A98

A99

V100

C101

R102

S103

G104

R105

T106

T107

G108

Y109

Q110
C111

G112

T113

I114

T115

A116

K117

N118

V119

T120

A121

N122

Y123

E125

132.9

127.2

119.9

119.7

125.3

124.9

123.3

125.1

118.0

111.7

119.3

115.8

121.5

113.3

114.8

129.9

127.8

119.6

112.2

121.8

123.7

123.6

124.4

120.1

120.2

126.1

124.3

132.9

124.3

124.5

115.4

9.36

8.56

8.24

9.04

8.09

8.34

8.96

8.36

8.67

8.23

8.02

7.95

9.05

8.77

7.49

8.26

8.41

8.99

9.03

9.39

8.39

9.76

7.99

8.70

8.77

9.91

8.39

9.17

8.60

7.21

9.32
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G126

A127

V128

R129

G130

L131

T132

Q133
G134

N135

A136

C137

M138

G139

G145?

S146

W147

I148

T149

A151

G152

Q153
A154

Q155
G156

V157

M158

S159

G160

V163

Q164

108.9

122.2

125.8

126.0

107.0

128.9

120.4

128.8

115.0

114.8

120.4

123.4

117.3

109.1

101.8

113.4

123.5

127.8

118.0

122.7

109.2

118.8

138.7

119.7

104.9

112.2

126.6

128.5

105.4

117.9

123.6

7.45

8.03

8.86

8.02

8.43

9.05

8.74

8.88

9.63

8.20

6.43

9.01

9.04

10.03

7.70

7.19

8.63

9.90

8.13

7.45

8.48

7.50

9.60

9.38

7.62

9.27

9.66

9.64

7.81

7.95

7.77

-----
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N166

G167

N168

N169

C170

G171

I172

A174

S175

Q176
R177

S178

S179

L180

F181

E182

R183

L184.

Q185
I187

L188

S189

Q190
Y191

G192

L193

S194

L195

V196

T197

G198

120.1

109.5

117.9

120.3

118.6

111.6

115.9

126.5

112.2

121.3

122.5

119.4

125.3

127.3

123.1

127.4

132.2

122.9

121.9

118.3

117.6

113.2

124.2

114.2

113.3

120.4

117.8

129.9

129.9

120.6

116.6

7.97

8.41

8.31

9.26

9.34

9.15

6.86

8.97

8.37

8.05

7.65

8.74

8.00

9.36

9.65

8.90

9.58

7.99

9.77

7.26

7.72

8.26

7.98

7.05

7.57

8.19

9.12

8.97

7.37

8.21

8.58
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