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Abstract

A Mathematia packa@ (ALASKA) has been developal to simplify the measuremerof proten folding kinetics
by analyss of IH NMR linesha analysis This packag reacds NMR dat&in ASCIl format ard can simulae an
aromatict NMR spectrun with or without lineshage broadenig from chemicéexchangeWe descrite the analysis
of aureadenaturatia series of afast-foldirg protein the G46A/G4&A variart of monomere '\ represso

The power of dynamt NMR in the study of rapid
chemicé reactiors is well establishd (Rag 1989).
Rapd proten folding processghavereceaved increas-
ing attention becaus they represehthe early events
in the folding of all proteins Fag chemicd exchange
has been observe for sone proten folding reactions
(Wemme et al., 1981 Oas ard Kim, 1988 Hoeltzli
ard Frieden 1994) ard stopped-thw kinetic measure-
mens suggesthat othe proteirs may fold ard unfold
rapidly enoud to affect the line widths of proton
NMR resonance (Jackson et al., 1993 Kuszwski
et al., 1994 Milla and Saue, 1994 Kragelurd et
al., 1995 Schindle et al., 1995) We have recently
reportal the use of line-shag analyss to measure
the folding kinetics of monomert X\ repressng he—gs
(Huarg and Oas 1995a Burton et al., 1996 1997).
Line-shag analyss probes folding times as fag as as
the microsecod timescale a regime that is beyond
modg conventiond stopped-ibw devices.

To facilitate the use of line-shaf analyss to mea-
sure the folding kinetics of smal proteins we have
developal a groy of Mathematia functions orga-
nized in a notebook tha assis$ in the process This
packae is referral to as ALASKA (Aromatic Line-
shap Algorithm for 2-Stae Kinetic Analysis) We
have included functiors to simulae aromatc NMR
specta both with and without chemicé exchang as
well as an adaptatio of the Levenberg—Marquardt
nonlinea least-squarfitting algorithm (Marquardt,

1963) ALASKA can be usal to fit ary aromatic
protan spectrum limited only by the neel to make
sequence-spedifassignmergtin both the naive and
denaturd spectraAll of the functionsare purely writ-

tenin Mathematia code so the packagiscompletely
portabk to ary machire tha is capabé of running
Mathematica.

In addition to the ALASKA package which fits
specta one a a time, a stand-aloe C++ pro-
gram (GlobalFi) has been developeal that performs
a ‘global’ fit of an entire urea denaturatia series In
practice the globd fit is very difficult becaus of the
large numbe of parametes tha are simultaneously
fit; initial paramete values have to be very close to
optimd for the fit to succeed Therefore this pro-
gram is usel to refine parametes obtainel by using
the interactve ALASK A package.

In developing the packag we assumd that the
folding proces is two-state meanirg that only com-
pletely folded or completey unfolded molecules are
presem a equilibrium The two-stae approximation
has been usal extengvely in the thermodynanid and
kinetic analyss of proten folding, and is supporté by
experimenté evidene for severd smal proteins in-
cluding he_gs (Huarg and Oas 1995b) To provide ki-
netic information an individud protan mug resonate
at one frequerty in the folded protein structure and
at a significanty differert frequerty in the denatured
protein The proten mug not sampé ary intermediate
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environment for a significant fraction of time to allow The absorption-mode spectrum is described by the
the analysis described here. The resonance may appeamaginary part of G. The final solution, which has
at an intermediate chemical shift, but only as a con- been published elsewhere (Sandstrom, 1982; Huang
sequence of ensemble averaging (Sandstrom, 1982)and Oas, 1995a; Burton et al., 1996), is shown here:

Under these circumstances, line shape and frequency

reflect the relative populations of the two states and (v, ke, ku, Co) =
their rate of interconversion (Sandstrom, 1982). {P[1+< (TF;—ND + %)] + QR}

The theory of two-site chemical exchange has been P2 + R2
established for nearly four decades. The first general 1 . o o
treatment is given by McConnell (1958)? which has = T[m — 4n®AvT + 1°(dv)7]
been summarized by Sandstrom (1982). The deriva- PN PO
tion described here uses the terms defined by Sand- 7=+ 37—

strom. The exchange process between states A and B
is described by the following first-order rate equations:

Q = 1[2nAv — ndu(pN — Pp)]
R=2nAv[l++< (i + i)] +

A%B Ton  Top
B—5A 1 1
vt | =— — — | + 7dv(pn — PD)
diA] Top  T2n
—— = —ka[A]
d%] dv=vuN — D
— _kr[B __ UNt+VUD
In the absence of chemical exchange, the magneti- = 1
zation arising from states A and B fGand Gg, re- ~ ku+ ks
spectively) varies with time as described by the Bloch ks
p v y?v ies with ti i y by = oo =1— pn
equations: ku + ks

dGa —aaGa —iC The line-shape fitting procedure requires high-
de ~ ATA A quality NMR spectra. We collect 8192 real points per
dGs _ Ga —iC spectrum with a sweep width of 6500 Hz to maximize
— = —agLbp — 1L . . L
dt the resolution. Shimming is done manually for each
Uy = — — 27i (g — V) sample to minimize line-shape distortions from mag-
Tox netic field inhomogeneity. A recycle delay of 4.0 s
Cx =iyBiMo is used between transients to prevent saturation of

protons with long T relaxation times. Selective sup-
pression of individual peaks reduces the quality of the
fits, as the simulation functions assume equal intensity
for all protons. A total of 256 transients are collected

Introducing chemical exchange between A and B adds
terms describing the change in their contributions to
the overall magnetization:

dGa G i Ka G G and averaged to maximize the signal-to-noise ratio.
gt =~ 4aGA —1CA —Kaba +KeGB The protein concentration is approximately 0.5 mM,

dGs . which gives reasonable signal-to-noise and reduces
gt~ @8Ge ~iCe —keGe +kaGa aggregation.

The data are converted to FELIX format and

; ) L ) processed using the FELIX software (MSI, Inc.). The
using the steady st'ate approxmaﬂon (d ' The_ data are dc-offset corrected and zero-filled to 8192
sum of these solutions gives the total magnetization,

G complex points. No apodization function is applied to
' avoid distorting the line shapes. Each spectrumis man-

These equations can be solved fog @nd G

iCo(ka + kg + aapa + agpB)

G=— ually phased and baseline corrected with a fifth-order
aaks + agka + aaop polynomial. Correct phasing is essential for success in
Pa+ps=1 the later steps of the analysis. The spectra gre then ref-
Pa _ ks erenced to TMSP. The aromatic region is isolated by
ps ka left-shifting the data, then truncating. The data are re-
Co=Ca+0Cg duced to real points only, then saved in FELIX ASCII
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Figure 1. Use of the SpectrumNoEX function to simulate a spec-
trum of the G46A/G48A variant of.g_gs at 30°C (black line:

L]
experimental data; red line: best-fit simulation). ~ ]
P ) § 8010
‘Z’ 3909 - .
format. Any NMR processing package with an ASCII g 3908
output capability is suitable for the line-shape analysis. ® 3907- .
The notebook reads data from a list of user- w

supplied text files. The files can be either plain X, y

data or in FELIX ASCII format. Once loaded, each

spectrum is assigned as either native, denatured, or ex- [Urea] (M)

changing. The native and denatured spectra are fittedFigure 2. The urea dependence of the chemical shift of plaea

using the SpectrumNoEXx function, which models the gr‘;gzgfor;tp;éz ";gt‘;i‘fﬁi/ggsiﬁ \E)agagtloé6|\]83}g§pzflige':with

spectrum as a sum of ,Lor,entZIan pegks. An example the best-‘?it simulgted spec?ra. Bottom. par;el: a plot o’f the gest-fit

of the results is shown in Figure 1. This process estab- chemical shift for this protowersusurea concentration. The line is

lishes the chemical shifts and intrinsic line widths of aleast-squares fit, with a linear correlation coefficient of 0.96.

the native and denatured states, which are critical for

simulating spectra perturbed by chemical exchange.

We find that the chemical shifts of protons in both the i 14 fa—fs

native and denatured states have a linear dependence |, I3 1 —fs

on urea concentration, analogous to the sloping base-

lines seen in equilibrium denaturant titrations followed where resonances 1 and 2 form one doublet and 3

by circular dichroism or fluorescence (Pace, 1986). An and 4 form another. ,l is the intensity of peak n,

example of this type of chemical shift dependence is and f, is its frequency. Triplets are modeled as dou-

shown in Figure 2. blets of doublets, with the inner half of each doublet
The SpectrumNoEXx function simulates an aro- superimposed.

matic 'H spectrum by using a simple model. Pheny- The fitting of the fully native and fully denatured

lalanines are modeled as ABC spin systems, with only spectra is the most challenging aspect of the analysis,

J3 couplings. Theortho andmetaprotons are treated  especially in crowded regions. The package offers two

as groups of equivalent protons, each of which has primary tools for dealing with this difficulty. First, the

twice the intensity of thepara proton. Tyrosine res-  fitting can be done ‘by hand’, adjusting the parameters,

onances are modeled similarly at theho and meta re-evaluating the simulated spectrum and comparing it

positions. Histidines are modeled as two singlets, cor- to the observed spectrum until a match is achieved.

responding to the C2 and C4 protons. Tryptophan Second, the fitting functions allow certain parameters

resonances are treated as non-equivalent, and/gnly  to be held fixed during the fit. It is helpful to alternate

scalar couplings are considered. The relative heights between fixing the chemical shifts and fixing the line

of peaks within a multiples it; are determined by the widths, because the algorithm often tries to correct a

ratio (Friebolin, 1993): poorly fit peak by broadeningit.

00 05 10 15 20
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Frequency (Hz) Figure 4. Plot of the natural logarithms of the rate constants (open

Figure 3. Fit to a spectrum influenced by chemical exchange due circles: folding rate; filled circles: unfolding rate) versus denaturant
to the two-state folding reaction. Black line: data for a spectrum concentration for the GA6A/G48A variant b§_gs at 30°C.

of the G46A/G48A variant ofvg_gs collected in 4.14 M urea at

30°C, where both the native and denatured states are significantly

populated and interconvert on a millisecond timescale. Red line: cosity of an 8.66 M urea solution is nearly double that

best-fit simulated spectrum in whlch the only parameters aIIovx_/ed of pure water (Weast, 1974)_ However, the observed
to vary are the folding and unfolding rate constants. The chemical

shifts and intrinsic line widths of the native and denatured states !ine width, T2,obs, equals 1/% intrinsict+ Rex. For a typ-
are held fixed at the values found for spectra outside the transition ical aromatic proton at 37C, 1/T2 intrinsic = 20 st,

region. The effect of doubling the viscosity onpTtrinsic de-
pends on the details of possible relaxation pathways

. for the proton, but is unlikely to be more than twofold
Once the parameters for the native and denatured ' . . ;
P (Cavanagh, et al., 1996), which would increase it to

spectra are set, the spectra collected at urea concentra 50 s-L If both the native and denatured state are more
tions within the transition region of the denaturation i :

curve can be fitted using the chemical exchange equa-than 5% populated, the ek d_om(:nates the expres-
tions for two-site exchange (Sandstrom, 1982) found S|on'f0r T2.00s FOr example, if .5/0 of the molecules

in the SpectrumEx function. None of the chemical are in the denatured state, given an exchange rate

— — 1 i iffer-
shifts or intrinsic line widths of the end states are al- Kex= ékftJr k“)/ti_ 12.00 s da(;\d at ty%lcail tdlffer ‘
lowed to change at this point. The only parameters ence between the native and denatured state resonan

that vary are the folding rate constant)(kthe un- frequencies of 500 Hz, thedrterm equals 250.

folding rate constant (§, and an intensity parameter However, vi;gosity effects must be tgken into account
proportional to protein concentration (C). An example under conditions where theefterm is .comparable

of a SpectrumEx fit is shown in Figure 3. Once the ™ LTz inwinsic (€.9. smaller frequency differences be-
exchange-broadened spectra are fit, output functions'Ween states, slower exchange rates, or very small

tabulate the rate constants as a function of denatu—|O()pu'at'or_]S of the native .O r_denatured states).
After independent fitting of each exchange-

rant concentration into a matrix suitable for plotting ) i T
broadened spectrum in a denaturation series, it is not

or further analysis (Figure 4). ) o
One critical assumption of this analysis is that the unusual for some spectra to b.e poorly fitted. This is
usually a result of poor baseline parameters. If the

observed line widths of peaks in the native and dena- tein is t tabl table. it be i iol
tured states do no change significantly with denaturant protein IS too stable or unstablé, it may be Impossible
to collect fully native or fully denatured spectra over

concentration. The viscosity of a solution can change ” f denat X rati Additional
dramatically if chemical denaturants are added, or the awige range of denaturant concentrations. liona
spectra within a tight range ( 1 M) of denaturant can

temperature is changed. This will affect the intrinsic g D

line widths because theyTelaxation time is sensitive help_, but V\."th diminishing returqs. Another good str.at-

to the correlation time of the molecule, which in turn is egy is to T't all of the spectra, simultaneously varying

related to the tumbling time of the molecule. In princi- the baseline parameters and the rate constants. This is

ple, this effect could contribute to the line broadening time-consuming, and has therefore been implemented
in a stand-alone €+ program (GlobalFit). Because

observed in the presence of denaturant, since the vis-
P of the large number of parameters (usualy80) and
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| e s IlIJ"‘-_HJ constants are measured at low urea concentrations and

B B ___.*:*.t- ';;"':{‘ so far have been limited only by the denatured state

N v s population, not the interconversion rate. Rates as high

g X _".l._.:f:':‘-',k =i as 10 s~ would be measurable by line-shape analysis
S - d-'--',kﬂ':{h = 7 of the most shifted resonances in thg_gs spectrum
“p—r=np 895 (Phé? para proton, v = 573 Hz at 600 MHz), if a

Ay ———— 541 denatured state population of 5% could be attained.
e — = .52 Such measurements will requibe_gs variants that

e g .48

are destabilized through increased unfolding rates. A

S N = p Lb search for such variants is currently underway.
e | id A sample ALASKA notebook containing all of
i -’:"'--# 3.3 the functions necessary for line-shape analysis, along
s ’:k:" g 308 with NMR data in ASCII format and fitted parame-
g} g . i . 241 ters, is available from the authors. On an SGI Indigo
e gk with 200 MHz MIPS, 4400 CPU and 64 MB RAM,
WS [ A 1;_: the notebook can be evaluated in about one hour.
wAA_P f.,' P 083 The source code for GlobalFit is also available upon
AR A i request.

3200 3400 600 2800
Fraguancy (Hz)

Figure 5. Results of a GlobalFit analysis of the entire urea denatu-

ration series for the G46A/G48A variant 8f_gs at 30°C (black Burton, R.E., Huang, G.S., et al. (199Npt. Struct. Biol.4, 305—
lines: observed data; red lines: best-fit simulated spectra). The trace 310.

peaks observed in 6-8 M urea have been seen for all mutants of Burton, R.E., Huang, G.S. et al. (199B)Mol. Biol, 263 311-322.
hg_gs5 Studied so far, and appear to reflect the presence of small Cavanagh, J., Fairbrother, W.J. et al. (1998)tein NMR Spec-
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