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and in Mutants: Role of Aromatic Residues Probed by Raman and Infrared
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ABSTRACT. Two distinct methods were used to investigate the role of Trp residues during Mg-ADP binding
to cytosolic creatine kinase (CK) from rabbit muscle: (1) Raman spectroscopy, which is very sensitive
to the environment of aromatic side-chain residues, and (2) reaction-induced infrared difference spectroscopy
(RIDS) and photolabile substrate (ADP[Et(PhN[® combined with site-directed mutagenesis on the
four Trp residues of CK. Our Raman results indicated that the environment of Trp and of Tyr were not
affected during Mg-ADP binding to CK. Analysis of RIDS of wild-type CK, inactive W227Y, and active
W210,217,272Y mutants suggested that Trp227 was not involved in the stacking interactions. Results are
consistent with Trp227 being essential to prevent water molecules from entering in the active site [as
suggested by Gross, M., Furter-Graves, E. M., Wallimann, T., Eppenberger, H. M., and Furter, R. (1994)
Protein Sci 3, 1058-1068] and that another Trp could in addition help to steer the nucleotide in the
binding site, although it is not essential for the activity of CK. Raman and infrared spectra indicated that
Mg-ADP binding does not involve large secondary structure changes. Gmlyr&8sidues absorbing in

the amide | region are directly implicated in the Mg-ADP binding (corresponding to secondary structure
changes less than 1%), suggesting that movement of protein domains due to Mg-nucleotide binding do
not promote large secondary structure changes.

Creatine kinase (CR)isoenzymes participate in the CK and dimeric cytosolic CK can both catalyze reversibly
regulation of ATP supply during contraction of muscle or the transfer of phosphoryl group from adenyl substrates to
other high-energy metabolic process—@). The different guanidino derivatives. Their protein sequences and gene
localization of isoenzymes and substrates in the cells structures are similar5(-7). The X-ray structures of oc-
suggested distinct roles for the mitochondrial CK and the tameric mitochondrial CK isoform8j and of dimeric
cytosolic CK @). The mitochondrial CK, in the vicinity of  cytosolic CK @), as well as of monomeric arginine kinase
ATP production site, converts creatine into phosphocreatine, (10), share the same subunit topology. Each monomer has a
while cytosolic CK (MM isoenzyme of creatine kinase), small a-helical N-terminal domain and a large C-terminal
found in myofibrils, functions as a fast energy supplier by domain containing eight-stranded antiparafedheet flanked
converting phosphocreatine and ADP into creatine and ATP. by sevenu-helices. The X-ray resolved structures provided
This regulation mechanism, the so-called creatipieos- detailed insights into the active site8)(and into the
phocreatine energy shuttld)( explains that during muscle  importance of precise substrate alignment in the catalysis of
contraction, ATP levels are only minimally decreased while bimolecular reactions1Q).
creatine phosphate is depleted. Despite their different
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inactivation was also observed for cytosolic CK from rabbit Lorentzian line shapes was performed to estimate relative
muscle when the corresponding residue Trp227 was replacedeak heights.
by a Tyr residue Z2). Tryptophan Fluorescence Specti@reatine kinase fluo-
The objective of this work was to substantiate the roles rescence emission spectra were taken &2@ith a Hitachi
of tryptophan residues upon adenylate binding. We used twoF4500 spectrofluorometer. Excitation was set at 295 nm in
Comp|ementary approaches: (A) Raman Spectroscopy, Whichorder to decrease as much as pOSSible terSine excitation.
can reveal detailed information on Trp and Tyr side-chain Spectra were recorded with 2451 protein dimer concentra-
environment (e.g., ref23—25), and (B) site-directed mu-  tion (0.22 mg mL?) in 10 mM Tris-HCI, pH 7.5, and 10
tagenesis on cytosolic CK in conjunction with activity MM MgCly buffer without and with 1.7 mM ADP-Mg.
measurements and infrared spectroscopy. The sequence o$pectra are corrected from solvent background and for ADP
rabbit muscle CK contains four Trp residues located respec-inner filter effect @9).
tively at positions 210, 217, 227, and 272. Since Trp227 Expression and Mutagenesis of MM-OWuscle-type CK
residue was essential to the activity of CK but did not abolish Subunit was expressed and purified as descrild&@). (
completely ADP binding infrared changes, the other Trp Replacement of tryptophan residues by tyrosine was achieved
residues such as Trp210, Trp217, and Trp272 were replacedy site-directed mutagenesil of the pET-MM phagemid.
by Tyr residues so that their putative roles in the Mg-ADP The complete coding region of the resulting mutant was
binding could be monitored by use of reaction-induced checked by dideoxy sequencing. Mutant proteins were
infrared difference spectroscopy (RIDS) and photolabile €xpressed and purified as describ86)(

caged ADP 26, 27). Preparation of Mutant in Solutions for the Infrared
MeasurementdN210,217,272Y mutant was lyophilized and
MATERIALS AND METHODS excess salts were removed by washing WitsO buffer (100
mM Tris-HCI, pPH 7.5, 10 mM MgC}, and 1.3 mM
ChemicalsTris, monopotassium salt ADP {€114NsO1o- dithiothreitol) and use of a Centricon filter. After four

PK.2H,0), and phenylmethanesulfonyl fluoride (PhMe&P  washing steps, W210,217,272Y mutant was dissolved in
were purchased from Boehringer. The photolabile caged2H,0 buffer containing 100 mM Tris-HCI, %1 7.5, 10 mM
ADP, ADP[Et(PhNQ)], was obtained from Molecular  MmgCl,, and 1.3 mM dithiothreitol with and without 2 mM

Probes Europe. ADP[Et(PhNQ)]. The final protein dimer concentration was
Preparations of Solutions for Raman Spectt& [protein 94 uM (8.2 mg of protein/mL). The #1 was determined
dimer concentration ranging from 118/ (10 mg mL?) to with a glass electrode and was corrected by a value of 0.4

230uM (20 mg mL1)] without or with Mg-ADP (1.7 mM) (32). Buffer without protein (100 mM Tris-HCI, 3 7.5,

was dissolved either in normal water buffer solution (10 mM 10 mM MgCh, and 1.3 mM dithiothreitol with and without
Tris-HCI, pH 6.5-7.8, and 10 mM MgG) or in deuterated 2 mM ADP[Et(PhNQ)]) was also used to determine their
buffer solution (10 mM Tris-HCI, H 7—7.5, and 10 mM infrared absorptions. The samples were freshly prepared and
MgCl,). Buffers without CK in the absence or presence of incubated for 60 min in the dark at room temperature before
Mg-ADP (from 1 to 2 mM) were prepared under the same FTIR measurement.

conditions as for samples containing CK. To prevent Reaction-Induced Infrared Difference Spectroscopy
nonspecific nucleotide binding at high nucleotide concentra- frared spectra of W210,217,272Y mutant were measured by
tion, it was suggested to use nucleotide concentration aroundmeans of a Nicolet 510M FTIR spectrometer equipped with
1.5 mM and CK dimeric concentration around 184 (28). a DTGS detector, with a temperature-controlled flowthrough
These conditions match closely ours and therefore weakcell (model TFC-M25; Harrick Scientific Corp., Ossining,
nonspecific binding sites can be considered as negligible.NY). The cell path length was 50m and windows were
Raman measurements were performed at room temperatur€€ak,. Typically, the infrared spectra were recorded at 25
(21 °C) on a laboratory-assembled Raman spectrometer°C with 256 interferograms each at 4 chresolution,
consisting of the following parts: a Spectra Physics argon Fourier-transformed. During data acquisition, the spectrom-
ion laser (model 2060-5 Beamlok, supersilent option) and a eter was continuously purged with dry filtered air (Balston
Kaiser Holospec /1.8 spectrograph equipped with a Prince- regenerating desiccant dryer, model 75-45 12 VDC). Once
ton Instruments liquid nitrogen-cooled CCD camera (LN the infrared spectrum was recorded, each sample was
CCD 1752 PB). This setup is computer-controlled with exposed to 30 s of ultraviolet illumination that induced the
software developed in the laboratory. Sample solutions werephotorelease of active ADP from inactive ADP[Et(PhNIO
contained in 5x 5 mm quartz fluorescence cells. All spectra allowing ADP binding to the mutant. After this illumination,
were excited with the 488 nm laser line with a power of a second FTIR spectrum was again recorded under the same
0.25 W. The unpolarized measurements were obtained in aconditions. The reaction-induced difference spectrum (RIDS)
90° scattering geometry. With a 2&m slit, the spectral  of the sample was obtained by subtracting the first FTIR
resolution was ca.-34 cnr®. Exposure times ranged from spectrum (before illumination) from the second FTIR
15 to 50 s; up to 150 exposures were coadded for improvedspectrum (after illumination). Thirteen RIDS, obtained from
signal-to-noise ratio. For creatine kinase in solution, the total three independent preparations, were measured under the
exposure time was typically 3000 s. The buffer solvent same conditions and were coadded to obtain the final RIDS
spectrum (obtained under identical experimental conditions) with better signal-to-noise ratio. The final RIDS was cor-
was subtracted from the spectra. For better clarity in the rected for water vapor absorption but was not smoothed. The
figures, the background was corrected by use of only a singlecorresponding RIDS of wild-type CK and of W227Y,
straight line for the entire region displayed. No filtering or reported previously33), were used to collate the different
smoothing was applied to the data. Curve-fitting with RIDS. They were measured under similar conditions except
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Raman Shift [cm’] Ficure 2: Fluorescence spectra of CK in the absence and in the
FiGURE 1: Raman spectra of Mg-ADPCK complexes in normal presence of Mg-ADP. Intrinsic fluorescence spectra of CK in 10
buffer. From top to bottom: trace 1, Raman spectrum (solvent- mM Tris-HCI, pH 7.5, and 10 mM MgGlbuffer without (thick
subtracted) of creatine kinase (148! protein dimer concentration  trace) and with (thin trace) 1.7 mM ADP-Mg. Protein dimer
in 10 mM Tris-HCI, pH ca. 6.5, and 10 mM Mgglin the presence  concentration was 2.&M. Spectra are corrected from solvent
of Mg-ADP (1.7 mM) (CK + ADP); trace 2, Raman spectrum  background and from the ADP inner filter effect.
(solvent-subtracted) of creatine kinase (CK); trace 3, Raman

difference spectrum, trace 1 (CKADP) minus trace 2 (CK) minus
Raman spectrum of ADP (1.7 mM). L __,/\/\/w

that their protein dimer concentrations were 126 (10 mg
of protein/mL). 0.100
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Raman Spectra of Na& Creatine KinaseThe Raman
spectrum of native CK in buffer (10 mM Tris-HCI, pH 7.8, o000
and 10 mM MgC}) is shown in Figure 1. Line fitting of the 1800 1700 1600 1500
Tyr doublet at 852 and 828 crhyields an intensity ratio Wavenumber
(peak height)(852)1(828) of 1.25, suggesting that Tyr acts Ficure 3: Infrared spectrum of W210,217,272Y mutant in deu-
as weak H-bond donor/acceptd@4]. The Raman spectra terated buffer. The bottom trance shows the infrared spectrum of

i 94 uM W210,217,272Y mutant ifdH,0 buffer (L00 mM Tris-HCI,
around 900 cm" show basically two bands at ca. 880 and p?H 8, 10 mM MgCh, and 1.3 dithiothreitol) after deduction of

1 .
9_00 e but nolbalnd'close to 870 C'Jn, According to the the infrared absorption of buffer. The top trace represents its second-
literature @9) this indicates that Trp is rather free from derivative spectrum.

hydrogen bonding or inaccessible to solvent. Around 1350
cm, there is a strong overlap with Gland CH bands, but  changes caused by ADP binding to CK, intensity of intrinsic
nevertheless a shoulder around 1365 tman clearly be  Trp fluorescence is affected upon ADP binding (Figure 2).
seen, which was assigned to Trp residue located in a Infrared Spectrum of W210,217,272Y Mutdrt precisely
hydrophobic surroundingg). A further indole ring vibration identify the role of Trp residues, we have performed site-
is observed at 1556 crh This vibrational mode is related  directed mutagenesis on Trp residues of CK, measured the
to the C2-C3—Co—Cp torsional angle, i.e., the orientation  activity of each mutant, and probed its secondary structure
of the indole ring with respect to theoCatom of the amino  changes induced by Mg-ADP binding. W210,217,272Y
acid backbone. Position of this band is very sensitive to mutant of CK has about 41% the activity of the wild type of
torsional angle. In the present case, this angle is estimatedCK as measured by the pH-stat meth@@)( The bottom
to be close to 100 It has been noted previousl23) that trace in Figure 3 shows a part of infrared spectrum of
the band located at 1556 chrlies close to the one observed W210,217,272Y mutant (8.2 mg of protein/mL .0
(1553 cm?) for free Trp, giving rise to a torsional angle of  buffer containing 100 mM Tris-HCI, 3 8, 10 mM MgCh,
100 (37). and 1.3 mM dithiothreitol). The top trace in Figure 3
Spectral Changes Induced by the Addition of Mg-ADP to indicates its second derivative. The second-derivative spec-
CK. The Raman difference spectrum in Figure 1 shows that trum allowed to better locate component bands that were
there are very small changes that appear upon addition ofnot well resolved in the original spectrum. At least three
Mg-ADP to the creatine kinase solution. Only a very weak component bands located at 1691, 1648, and 1632 cm
positive band at 1310 cni can be distinguished. Otherwise, appeared in the amide | region. The 1648 ¢tvand is highly
we do not observe any significant change for any creatine characteristic ofx-helix structure, while the pair located at
kinase mode in the entire spectral range from 400 to 17501691 and 1632 cri could correspond tB-sheet structures
cm™1. The measurements of Raman spectrum of CK in (40—42). Usually the higher-wavenumber band of the pair
deuterated solvent confirm these observations. Raman spectras smaller in intensity than the lower-wavenumber band. The
of CK in normal buffer at pH ca. 6.5 and at pH 7.8 yield putative assignment of the pair of bandgtsheet structures
very similar results, confirming that CK is stable above pH is consistent with the observed band shape of the infrared
= 6 (38). Although Raman spectra did not indicate significant spectrum (Figure 3). Other vibrational modes belonging to
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attributed respectively to the disappearance of the nitro group
of ADP[Et(PhNQ)] and the appearance of a carbonyl group
of the photoproduct45). Negative bands corresponded to
vibrational modes of CK or ADP[Et(PhNg) before il-
lumination, while positive bands indicated vibrational modes
related to the photoproducts or to the effects of Mg-ADP
photorelease to CK. The three positive bands located at 1666,
1657, and 16371640 cm! and the four negative bands
located at 16481651, 1625, 16121615, and 15811584
cm! resulted from the effects of photorelease of Mg-ADP
in the presence of mutant CK. On the basis of earlier works
(22, 33, 46), the 1666-1668, 16571660, 1648-1651,
1625-1626, and 1612 cnt bands were assigned to carbonyl
groups of peptide backbone adjacent to residues that can bind
to the phosphate groups of the nucleotide moiety. The £637
1640 cn1! band is attributed to a carbonyl group adjacent
to residue that can interact with either the purine or ribose
0.002 - moieties of nucleotide. The 1648651, 16371640, and
1625-1626 cnt! component bands in the RIDS of wild-
@ g type creatine kinase are almost insensitive to isotopic shift
T induced by changing frontH,O to 2H,O buffers @6),
suggesting that the carbonyl groups associated with these
bands remained in the hydrophobic region. However, the
1612 cm! band (deuterated buffer) shifted to 1615 ém
X (nondeuterated buffer), indicating an exposed carbonyl group
-0.004 ‘ i , (46). The 1581-1584 cnmi! band is related to a carboxylate
group of Asp or Glu that was affected during nucleotide
binding. The infrared changes were relatively small and
corresponded to the structural changes affecting amino

Ficure 4: Difference infrared spectra induced by the photorelease _, ; ; ;
of ADP from ADP[E{(PhNG)] in 2H,0 buffer containing wild- acid residues, based on the COBSI index of 0.08820014

type and mutant CK. Top trace: RIDS of 148 wild-type CK computed from the area of amide | band2,(47). In
in 2H,0 buffer (100 mM Tris-HCI, pH 8, 10 mM MgCh, and 2 addition, the slight decrease of the amide Il band, around

mM ADP[Et(PhNQ)]). Middle trace: RIDS of 115M W227Y 1560-1558 cm?, reflected an increasing exchange of
mutant in’H,0 buffer (100 mM Tris-HCI, gH 8, 10 mM MgC, protons of about +2 NH groups with deuterium of solvent,

and 2 mM ADP[Et(PhN@)]). Bottom trace: RIDS of 94uM N -
W210,217,272Y mutant ifH,0 buffer (100 mM Tris-HCI, g4~ u€ o ADP binding. The RIDS of ADP[EY(PhNpin *H,0

8; 10 mM MgCb, 1.3 mM dithiothreitol, and 2 mMm ADP[Et-  buffer, containing either wild-type CK46) or W227Y
(PhNQ)]). Asterisks indicate bands associated with the photolysis mutant CK @2) are shown for comparison in Figure 4 (top
of caged ADP. and middle traces). The RIDS of W210,217,272Y mutant
(Figure 4, bottom trace) is similar to the RIDS of wild type
amino acid side-chain groups can also absorb in this region(Figure 4, top trace), except for the 1637640 cn1? positive
of the infrared spectrun#@). The 1515 and 1583 cthbands  band. The intensity of this band was reduced in the case of
were associated respectively with the ring stretching of Tyr w210,217,272Y mutant as compared to that of wild type
residues and the vibrational stretching of carboxylate of either and to that of W227Y mutant. The intensities of the negative
Asp or Glu residuesid). The 1564 cm* broad band, inthe  and positive bands in the RIDS of inactive W227Y mutant
amide Il region, was assigned mostly to the mixture of CN were much smaller as compared to the intensities of the
stretching and NH deformation modes, corresponding to corresponding bands of the RIDS of wild type except that
buried NH groups whose protons have not been exchangedhe 1637 cm® component band decreased moderately.
with deuterium of the solvent. The infrared spectrum of
W210,217,272Y mutant (Figure 3) in the amide | region was PISCUSSION

slightly different from the infrared spectrum of wild-type Nucleotide Binding Site in Wild-Type CK As Probed by
CK (38). The shoulder at around 1632 chwas less  Raman SpectroscoplRaman spectroscopy is more sensitive
pronounced in the infrared spectrum of W210,217,272Y than infrared spectroscopy for detecting structural changes
mutant than in the infrared spectrum of wild-type CK. that are directly related to the hydrophobic environment of
Otherwise the main amide | peak was located in the SameTrp and Tyr residueﬁ@). The unchanged position of Raman
position for these two spectra. Therefore one cannot excludepand at 1556 cnit indicated that Trp residues remained in
that a small part of mutant does not fold as the wild type. 3 hydrophobic environment upon nucleotide binding. As can
ADP Binding Sites in Mutant CK and in Wild-Type CK be seen in Figure 1, no changes within uncertainties can be
The reaction-induced infrared difference spectra (RIDS) of seen for Trp and Tyr. Although the intensity of intrinsic
ADP[Et(PhNQ)] in 2H,0 buffer containing W210,217,272Y  fluorescence decreased upon the addition of nucleotide, its
mutant is shown in Figure 4 (bottom trace). The negative maximum emission sensitive to the environment was not
band at 152#1528 cn1! and the positive band at 1685 affected (Figure 2). These results taken together suggest that
1688 cm! (indicated with asterisks in Figure 4) were changes in Trp environment are negligible as probed by

1637

0.002 -

-0.002

1625

0.002 -

1637

0 4

-0.002

L

W210,217,272Y

-0.002

1625

1800 1700 1600 1500

Wavenumber



ADP Binding to Creatine Kinase and Mutants

Raman spectroscopy or by intrinsic Trp fluorescence. To
monitor stacking interactions involving aromatic residues of
protein and purine of nucleotide moiety, the nucleotide band
located at 1310 cnt was used48). It is well-established

that stacking interactions of nucleic acid bases can diminish
the Raman intensities associated with their ring vibrations

Biochemistry, Vol. 39, No. 31, 2000255

environment of Trp residues (uncertainty of less than 0.2
residue) was affected during Mg-ADP binding. The hydro-
phobic environment of Tyr residues (uncertainty of 0.65
residue) was not altered upon Mg-ADP binding. Compari-
sons of infrared spectra of wild-type CK with those of
inactive W227Y and active W210,217,272Y mutants indi-

(49-51). Raman measurements reveal a weak change arounatated that Trp227 is not likely to participate in base-stacking

1310 cntin the spectrum of creatine kinase upon addition
of Mg-ADP substrate in normal buffer (Figure 1). This
change is due to a slight pH-dependent intensity variation
of the 1310 cm! ADP band 62) rather to stacking
interactions under dilute nucleotide concentrations. Thus
Raman spectroscopy did not reveal putative stacking interac-
tions involving purine of Mg-ADP with tyrosine or tryp-
tophan residues of CK in our dilute nucleotide solutions.
Nucleotide Binding Site in Wild-Type CK and in Mutants
As Probed by Infrared Spectroscopihe reproducibility
level of reaction-induced difference spectra in the amide |
region is less than 0.1926), corresponding to an uncertainty
of 0.44 residue (439436 absorbing groups in mutants and
in wild type: 380 carbonyl groups of peptide backbone and
18 Arg, 16 Asn, 12 GlIn, and 1310 Tyr side chain residues).
ADP binding to CK or to W210,217,272Y induced very
small infrared differences in the amide | region, correspond-
ing to 3—4 amino acid residues affected by ADP binding to
CK. On the other hand, conformational changes within
nucleotides during their binding to CK were also observed
by 13C NMR spectra of 23C-labeled nucleotides. Significant
differences in the cation Mn(11)-2C in CKMn-ATP and in
CK—Mn-ADP complexes were observed3j. They were
interpreted as conformational adjustment accompanying the
interconversion of reactants and products in the active site.
The RIDS of wild type and of mutant W210,217,272Y
were similar, except for the 1637.640 cn1? positive band,
which was absent in the RIDS of mutant W210,217,272Y.
This band was present in the RIDS of wild-type CK and
Mg-ADP. It was tentatively assigned to a carbonyl group of
the peptide backbone that was affected by the binding of
purine or ribose moiety of ADP2@, 33) since this band was
not observed in the RIDS of wild-type CK and, Puling
out interactions involving phosphate groups of nucleotide
(46). We propose that the Mg-ADP binding to CK could be
responsible for the slight changes of the peptide backbone
carbonyl group adjacent to a tryptophan residue. This band
was visible in the RIDS of the inactive mutant W227Y. Thus
Trp227 cannot be solely responsible for the changes of
infrared difference band located at 163640 cn?, sug-
gesting that one of the remaining three tryptophan residues
may be involved in this interaction. It is less likely that
Trp210 could participate in nucleotide interaction since this
Trp is at the monomermonomer interface3Q). Trp272 is
located away from the putative binding sit®).(Thus the
carbonyl group adjacent to Trp217 is a good candidate for

the spectral changes associated with the appearance of a

positive 16371640 cnt! band in the RIDS of wild-type
CK (Figure 4).

Concluding Remarkg'wo essential facts that are relevant
to the mechanism of the reversible phosphoryl transfer from
nucleotide to creatine emerged from this work:

(A) The putative roles of Trp residues in nucleotide
binding to CK were clarified. More precisely, Raman

measurements indicated that neither hydrogen bonding nor

interactions, although this residue is essential for the activity
of CK. These results suggest that Trp227 can play a key
role to prevent water molecules from entering in the active
site as proposed earlie2], 33). In addition, we suspect that
another Trp, most probably Trp217, could be implicated in
the Mg-ADP binding to CK, inferring that the putative base-
stacking interaction 14), which was not detected by our
Raman results, may involve this residue and that this type
of interaction is not essential for the activity but it may help
to steer nucleotide in the vicinity of the active site of CK.

(B) ADP binding to CK produced only minor changes in
the secondary structure of CK, corresponding to secondary
structure changes less than 1%-@residues over 439
436 absorbing groups; uncertainty of 0.44 residue). This
result should be compared with recent small-angle X-ray
diffraction data %4, 55) and molecular modeling56)
indicating that Mg-nucleotide binding produced a decrease
of the gyration radius of CK from 2.80 nm (free enzyme,
so-called open conformation) to 2.56 nm (GKMgATP,
so-called closed conformation). Taken together, these results
would indicate that the closure of the cleft where nucleotide
is bound induced relatively large domain movement that is
not accompanied by large secondary structure changes. It
was already reported that large changes in the profile
structure of C&-ATPase of sarcoplasmic reticulum can
occur with only minor changes in the secondary structure
of the C&"-ATPase 27, 57, 58). Similar conclusions can
be reached by comparing infraregB{ and small-angle X-ray
diffraction (60) results for arginine kinase. It is tempting to
generalize and to propose that domain movements caused
by substrate binding to enzyme do not always involve large
secondary structure changes and that local structural alter-
ations are sufficient to promote large changes in the profile
structure.
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