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S;mmarz: The kineticsvof.hydrogen¥deutefiuﬁ exchéngg for the four
individual protected amides of‘alumiéhrome,‘the Al+3 ;naiogue of ferfi_
chrome, have been studied by pfoton magnetic resonance. In the range
$‘<>pD < 7 the exchange rates are relatively invariaht. A tightef-hinding
to-fhe metal as the pD is raised results in a conformational stability
gain, which §0mpensates.for the known base catalysis of the.intrinéic
amidé hydrogen exchange within this pD range. The analysis of the exchanée
o . o \

kinetic data versus temperature within the frameWork_of the "absolute

reaction rate theory'" yields the enthalpy (AHf) and entropy (AS+) con-

tributions to the free energy of activationN(AFT). Depending on the

.[.

particular amide, 4H and AS? appear to vary over wider ranges than does

AF*. On the average it is found that raising the pD from A3 to A7

increases Aﬂf‘while decreasing AST. It is proposed that whiie confor-
mational fluctuations are of importance at low pD, at neutrality the
exchange of certain amides might proceed through a higher energy barrier

without significant exposure to the solvent.



Introduction

Proton magnetic resonance (PMR) has recently proven to be an excel- s
lent tool for confornational'analysis of small cyclic'peptides, depsi-
peptides and macrotetrolidesi(l-4)'.NThe 1ncrea51ng ava11ab111ty of *
"stronger'static magnetic fields has enabled resolutlon of many of the
proton resonances of interest in these low molecular welght compounds.

In part1cular, the 1dent1f1cat10n of 51ng1e amide NH resonances makes
this spectroscopy espec1a11y useful to monitor the hydrogen deuterium
exchange at specific sites w1th1n the polypeptide

A successful application of the amlde hydrogen exchange PMR method
'which exemplifies 1ts value in a conformational study of a simple pep-
tide, is the work on gram1c1d1n S- A by Stern, Gibbons and Craig (5).

These authors found that while in CD_OD and in (C03)250+ 5% DO the

3 2
leucine and valine amides exchange with half times of one and at least

two weeks, respectively; in CD,OD ornithine and phenylalanine exchange

3

relatively rapidly (t = 0.5 hr). The agreement of these exchange .

1/2
times with the stabilization to be expected from intramolecular hydrogen-
- bonding on the basis of the Hodgkin-Oughton-Schwyzer model (6,7) is
excellent and affords valuable eyidence to support the antiparallel
B-pleated structure proposed for this cyclodecapeptide. Unfortunately,
these eXchange,rates cannot be extended directly.to the interpretation
of the hydrogen erchange of_peptides and proteins.in water. The PMR .-
studies required solvents of relatively low.polarity‘in order to have
sufficient peptlde concentration for a good 51gnal sen51t1v1ty lhe

correspondence of these data w1th the bulk hydrogen tritium exchanoe

study of thls peptide in aqueous solution, accomplished in the same
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these complexes (11,16), while Emery has found that both the At

U Juuvdb u 2l 0asb

laboratory at low temperatures and at pH around 3 by rapid dialysis

techniques (8), is still subject to experimental verification.

Ferrichrome is a cyclohexapeptide of composition
([-Glys-.G 1y2 3 +3 1,2,3

5-g;acetyi—G-E;hydroxy-g;ornithyl (9,10) and the residues are labeled

éGlyl—Orn —Ornz—Ornl])°3-Fe , where Orn represents

as previously described (11). The metal is coordihated by the three
hydroiamic acid ligands provided by the acyléted 64§;hydroXy‘ornithyl

side chains. Ferrichrome acts as a growth:factor for a number of microbes

(10) and is presumably an iron carrier for Ustilago sphaerogena (12).

N g .
The conformation of ferrichrome and of related seryl-containing

peptides has been well characterized both by X-ray (13,14) and PMR

(11,15,16) studies. The substitution of Al_+3 or Ga+3 for Fe+$ was neces-

sary in the PMR work to eliminate line broadening by the paramagnetic

~ion. We have already discussed the conformational similarity between

3

.

("alumichrome') and Ga+3 ("géllichrome")vanalogues‘of'ferrichrome are
biologicaily active (12).

,The‘confﬁrmational model which has been proposed is depicted in
Fig. 1. Ferrichrome thus possesses a compacf, globular strﬁcture. The

three consecutive substituted ornithyl residues have their side chains

folded in a manner which optimizes octahedral coordination of the metal

. ion. The peptide packbone itself resembles an anti-parallel B-pleated

sheet structure with.the.o;r_n3 and Gly” residues paired by two carbonyl-

~amide transannular hydrogen bonds, as in the Schwyzer model for cyclo-

hexapeptides (7). As can be deduced from the X-ray and PMR data, these



‘to the X-ray) being more stable than the conjugated'.Orns—C=0---HN—Gly3
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3

are weak hydrogen bonds with‘thg'OrnS-NH---O=C-Gly bond (2.99 R according

bond. The amide hydrogens of glycyls 1 and 2 are exposed and free to ' .

interact-(ﬁ;bond} with;the so1vent,~Whi1e those belonging to the remaining

. .ornithyl residues are either involved in a short (2.80 R “according to the

X-ray), Sfable,“hydrogen bond directed to its own sidechain N<O hydroxamate

oxygeh atom (an?),,or buried in a pouch limited by the peptide backbone

_ ring itself and the side chains of the ornithyl residues embracing the
metal (Ornl),v The model depicted-in Fig. 1.thus Shdws'amide‘hydrOgen
, N ,

-atoms with.differentvdegrees of intramolecular hydrogen bonding (Orn2 >

3 >1G1y3)-and»steric shielding which ranges from cbmplete exposure

Orn
(glycyls 1 and 2) to significant occlusion in a hydrophobic environment
embh. . o

Since ferriehrome is extremely soluble in water, no instrumental sensi-
l _

tivity problem handicaps its PMR study in’ aqueous solution. Furthermore,

the high stabi1ity of the metal complex (K ~ 1030) results in a very rigid
structure. wl_lli_ch,practically "freezes' the environment aroﬁnd each single
proton yielding excellent spectroscopic resolution of the six amide NH's
whose resonances ére spread over a range of.¢4 ppm. Fortunately, the water
(prvHDO),fésonance is sufficiently shifted to higher fields that it does

not interfere with the detection of any of the amide absorption peaks; _?«

Fig. 2 shows the amide NH resonance region for alumichrome in aqueous

solution, and the assignment of the absorptions to the corresponding

residues along the peptide backbone. Ferrichrome appears thus as an

ideal compound for PMR hydrogen exchange studies. Its conformatianal



sfate can_be drastically affeéted by:the binding df‘thé metal and its
high solubility in water enables.study of the exchangé kinetics directly
in this solvent. J

Emery (17) found that the bulk hydrogen—tritium exchange of the

chelates Cferrichrome and ferrichrome A) was much slower than thaf of

~ the deferri-peptides, thus indicating the conformational stabilization

L.

conferred By'metal‘binding. 'Even though his data supported the X-ray
model for crystalline ferrichromé A, direct assignment of the exchanging
hydrogenszto the residues in the peptide sequence is not possible from

the data obtained by the Englander two-column gél filtration technique,

as in the case of the similar bulk exchange experiment on gramicidin

S-A mentioned above.

In this paper our interest is limited to the use of the slow amide
hydrogen  exchange kinefics in alumichrome as conformational probes and
models for retarded amide hydrogen exchange in proteins. Hence no

attention will be paid to the two relatively fast amides, namely, those

‘of glycyls 1 and 2, since the knowledge that they are fast is sufficient

information for these purposes. The temperature dependence of the
exchangé rate constants will be analyzed in the context of Eyring's
"Absoluté Reaction Raté Tﬁeory" SO that‘ASf (the activation entropy)
and‘AHT (fhe activation enthalpy = the 'heat of activation") will be
estimated -at different pD's. From the data for each alumichrome amide
the relative steric and hydrogen-bonding contributions to their hydrogen
exchange_refardation, and hence:to the conformatiqn of the molecule,
will be:discussed. Finally, the mechanistic implications for the hydrogen

eichange'of‘the amides will be analyzed within the contexts of Klotz's
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"direct exchange' and the LinderSfréT—Lang hypoéheses at various pD'§..
Methods

-The'aiuﬁichrome sample was prepared as previously described (11).
- The pD's were calculated by adding 0.4 to the pH. reading from a glass
electrode pH-meter (18). ‘The solutions at pD 7:22 and 5.14 were buf-
fered in 0.005 molar sodium phosphate and 0.005 molar sodium acetate,
respectively; at lower pD's no buffer was judged necessary because the
peptide %}Self, thréugh its chelated hydroxamate side chains, provided
enpugﬁ buffering capacity at the concentrations used. 'Ali'pD's were
adjusted with concentrated NaOD and DCl. |

In all experiments the spectrometer probe was preequilibrated to
the desired tempegatufe for at least one hour. Then the field homo-
~geneity was adjusted with a sample of composition identical to the one
to be studied. The sharp-lihes of the free methyls in the hydroxamate
- acyl groups provided an excellent internal standard for rapid tuning.
Probe temperatures were determined with ethylene glycol. A Varian HR220
NMR specffdmetér, which operates at 220 MHz, was ﬁSed. |

The hydrégen exchange experiments were initiated by dissolving
;0 mg of.peptide, pre-weighed in the NMR tube, in 0.8 ml of buffered.
920, or DC1 solution in D20,.to give a & 0.125 M solution at the desired
pD. ~When.the conditions resulted in fast exchange, the sample-containipg
NMR tube was chilled during dissolution of the ?eﬁtide and until its
'Hihsertion in the spectrometer. The field homogeﬁeity was then quickly
xeadjusted with the fine coﬁtrolﬁ; during tke few minutes required by

this process the sample would equilibrate to the probe temperature.

i
i
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The exchange waﬁ'followed in time by succeSéive scannings of the
.amide proton resonance, the inte;val between each $ca; depending on the
exchange rate of the particular amide. Typicaliy,ién amide would be
monitoredvfor at least one éxchangé half-time. A‘méin concern was the
inStability of the field homogeneity when the exchange required more
than 10 to 1S minutes. Experience showed that reﬁuning the fieldvhomo-
.geneity within this interval was necessary in order to obtain good
first order decay plots. The spectrometer gain was constant within the
- accuracy of our measurements.
The rate of exchange can be calculated eithef‘from the time
dependence of the integrated amide proton resonance area or its peak
amplitude. The second method was chosen because of drifts in the Spec¥
.trometer integrator. When monitoring the exchaﬁge kinetics of a parti-
cular set of amides under constant pD and temperature, the radiofrequency
power, receiver gain, amplification and noise filtering were kept con-
stant so that the unce;tainty introduced by electronic noise was practically

the same for all points in a kinetic curve.

ResultsA

The seﬁilogarithmic plots of amide NH peak amplitﬁde VS. time were
linearly least squares fitted by giving the same weight to each pointi
The sloées-of the line yield k, the first order exchaﬁge rate constant.
The exchange half-times wgre calculafed on th¢ bgsis tpat k = 0.69/t1/2.
The rate constants were then plotted semilogarithmicallx Vs. inverse

temperature as required by the "Absolute Reaction Rate Theory' expres-

sion:
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1-
h _ acT _ 8H
R ln(ﬁ.— k) = .AS . |
e . . -1 N ‘1
where R (gas constant) = 1.987 cal-deg " -mole : .

h (Plank's constant) = 1.104 x 10°28_erg-min

K (Boltiman's constant) = 1.380 x 10-;6 gigjdeg-l . ' .

k (§ichange rate constant) = measured in min-lm

and  ' T (temperature) = measured in éKelvin

The Eyring plots were least squares fittgd,,the Qeight for each point
ﬁeiﬁg‘giQen by the inversg logarithmic stgndard'errqr of the corresponding
Ko~ R

'ﬂFigﬁre'S éhq&s_the kinetic_p}ot for the slow émidestof alumichrome

éﬁ éD 5.14 and 24.é °C. .Thiﬁ and similar plots yield the first order rate.
-cgﬁstanﬁs for hyd%ogen exchange for each of the slow amides studied under
their paiticular PD and temperature conditions. The values so determined
are given in Table I. The standard deviations shown in this table reflect

the accuracy of the linear fits.

Figure'4 depicts ..yring plots for the rate constants given in Table I.

. The‘AH+ (slope)vand AS+ (intercept) values, together with their standard

deviationé;'are giyen in Table II. These figures_summarize all the
kingtic aata pfo?idea.by the_first_order exchaﬁge'curyes of the type
exemplifiéd‘in'Fig;fs whi;h are not shown individually.
Excebt for tﬁe case of alumichrome at pD 3.23, where the relatively
highér ionié strength of the sélutianresulteq in a poorer balancing of the spec-
tfohéter probe, the standa;d errors of thersiopes of the kinetic curves
(ki are relati&ely small. Howevef, the dispersions of the Eyfing plots

are larger, reflecting perhaps poorer definitions of the temperature

|
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and/or pD values for the indiﬁidualldata points. Since the experimentally

|
3, -1

accessible temperatures are within the range 3.66 x 10 T > >2.68 x

10-3 °K~1, it is to be expected that the standard'devia;ions in the
slope (AHfIIWOuld be smaller than in the intercept (AST), calculated at

the rather removed point T2 ox!

. Furthermqre, the relative standard
deviations for 4S' are larger than for sH' becaﬁée‘the absolute values
of AS* are closer to zero.

| ObvioﬁSly, in the discussion that follows any conclusion based on
the comparative vaiues of the kinetic parameters will be valid within

. ~ ,
the accuracy of their determinations as reflected by the corresponding
standard deviations. In most cases the experiméntél uncertainties are

small enough for our purposes; cases where this is not so will be noted

eiplicitly. .

Discussion

General kinetic analysis

Hvidt and Nielsen have extended an early proposal of Linderstrgm-Lang
as) and»of Berger and Linderstrgm-Lang (20) to rationalize protein
hydrogen exchange data in general (21). The protein is assumed'tg fluc-
tuate between mofe or less folded conformations (N'states) in whiéh'the
labile hydrogens.aré unexchanged and buried, and more or less relaxed con-
formatioﬁs (I states) in which the. labile hydrogen is unexchanged but

exposed to the bulk solvent. It is assumed that the concentrations of the

various protein conformations are stationary in the exchanging solution

and that chemical equilibrium holds:
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k1 k3~ . .
N<& I~ exchange @ !

k2
In the I conformations hydrogen excﬁange cén readily fake place with a
first ordéi rate constaﬁt; k., ﬁhﬁse mégnitude éppro;imatgs the first
order e*change‘rate;constanté‘for.ibwvmblécular Qeight ;0mpounds‘under
similar conditions. In tﬁis confbrmation the iabile hydrogén is.exﬁected
tb'be'ﬁydfogen—bonded to the éolvent.!lFﬁ;thermore, itvié éssumed that
" the ffanécénfdfmatidnél'reéctions’bétween the N and I stétes“aré
characterized by first order rate constanﬁs kg aﬂd k,.
Along‘fheéé‘lihes the unfélding pfbcess in‘the alumichromes can

be théught of as a substitution of the trivalent metal, ionically ;oordi—

nated to the three hydroxamate ligands, by one, two or three protons:

3 . o \ AN -
N -0 s . K N - OH N -0 .s
| A1’° + H, 0 ——> B Al ,etc.
C=0 37 0« C=0 C=0
7 3 / / 2

Unfortunateiy,,pK's for these equilibria hafe not Been measured. As
'judged from the acetyl hydroxamate stability constaﬁts, alumichrome
-should be a3weaker_comp1ek than ferrichrome (22). For ferriéhrome;
‘Anderegg et al. (23) have dgtermined pK, = 1.49. ‘Hence, around pH = 3,
about 0.5% hydroxamate protonation on the ornithyl side chains should

. be eipected in.ferriéhrome, and even more-in alumichrome. Our observation"
of a rapid exchange of A1+3 for Fe+:,> at pH 3 demonstrates its existence
a1. Fufthermore, the PMR spectrum of alumithéme-at this low pD -
shows the presence of e#tra peaks in the amide region, which exchange
with deuterium at realtively faster rates andgwhich can be assigned to

the metal-free peptide;
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Following the nomenclature of.Hyidt and Nialseﬁ'(211, the equilibrium
between the ‘“natiye" (the hexa&entate chelate) peptide and.any and all
of its "unfolded" (partially or tqtally non-chelated) forms can be repre-
sented as N and I states, respectively. We propose £hat an increased
proton concgntration shifts the equilibrium to‘the;right both by increasing
k1 and by dééreasing kz. It should be obvious, héweyer, that even as
the steady-state conformational fluctuations implied in the above equilibrium
occur, the aegree and kind of ekposure that the individual amide NH's need
in oxder E? exchange the hydrogen atom through,tlhe"k3 process might not be
the same. In general, the kl/k2 ratios as well as the conformafional
change conttibutionsito the free energy of activation of the ovefali
eichange reﬁction will be differént.for each of fhé»émides in the molecule.

The rate of exghangekfor é free amide hydrogen is known to be
minimum.gt about th3 (21,24). Our exchange data for alumichrome shows,
however, that in going from pD 5.14 to 3.23 the rates of hydrogen
exchange for all the ornithyl amides have increaéed from exchange half

-

times‘of 416, 220 and 219 minutes to 12.3, 8.0 and 9;3 minutes for
1 zvénd Orns; respectively (Table II). However, the exchange
half timé fér Gly3 amide does not change much, from 6.2 to 7.5 minutes,
indic#ting a negligible deﬁendehce of its exchange kinetics on pD. On
the basis of the H' boncentration dependence of_the "unfolding' process
discussed above, a simple‘explanation can be given»for these effects:

on lowering the pD the intrinsic rate of amide hydrqgen exchange drops,

but the stébility of the chelate is so reduced as to more than compensate
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fofithis effgﬁt and the overall kinetics are accelerated. Eor Gly; an
almost exact qompensafion results so that no major kinetic change is
observed. At about pD 3 important fluctuations around the equilibrium
conformatibn occur and the four Slow.amides are rather equivalent with
respect tq ekchange. At this pD, stability differenées due, g;g;, to
intrgmoleéular hydrogen-bonding are of no major kinetic differeﬁce sipce
vtﬁe'eichangé proceeds mainly through the relatively abundant unfolded
;qnfbrmation. At pD 5.14 the cﬁelate is stabilized, the overall ground
state conformation is enforced and the conformatioh;l fluctuations are
~ : :

A of smaller amplitude. At this pD small stabilizing differences such as
-intramoleculaf hydrogen bonding will show a more pronoﬁncgd relative
_effgct._’Thus, evenvthough the amide hydrogen of Ciy3 finds itself
attached to a more rigid backbone at pD 5.14 than at pD 3.23, it will
exchangé faster thanvthe similarly located Orn3 ami&e hydrogen because
the conformational distortion required for it to become exposed does not
_necessitatevthe breaking of any significant intramolecular hydrogen boné.
As will be seen later, the enthalpy and entropy contributions to phe
activation free enefgy support thi; interpretation.

On raising the pD from 5.14 to 7.22 the stability of the chelate
is incfeased‘further énd the st;bilizing effects mentioned abéve become
even ﬁore characteristic for each amide. At pD 7}22 intrinsic rates of
aﬁidevhydrogén exchange due to base catalysis are.relatively large. An

overall acceleration of the kinetics is observed in alumichrome for

Glys, Or_n2 and Orn3

, SO that their exchange half times drop from 6.2,
220 and 219 minutes to too fast to measure, 9.8 and 2.8 minutes,

respectively. A change in pD from 5.14 to 7.22 results in a 20- and 75-fold
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increase in H-D exchange rates formthc amides of Qinz andernS, respec-
tively. .This.pD change, however, does not appeé% té affect significangly
the e&éhangé rate of Ornl, whose amide hydrogen,eichange half time
changes from 416 minutes (pD 5.14) to 362 minutes tpD.7.22). Thus,
while at pD°3.23 the four slowly eichanging amides exhibit rate constants
of the same order of magnitude, at pH 5.14 the observed k for Gly3 is
about, 102 1arger than for the ornithyl amides and, at néutrality, the
order of the observed rate constants differ éne from the cheriby at

1 2 3

least one order of magnitude (2.4 x 10 ~, 7.0 x 10 © and 1.9 x 107

min-l for ans,'Orn2 and Ornl, respectively). This amplification of

the kinetic differences among the four amides as the pD is raised from
.3.23 to'5.14 to 7.22 is ﬁrobably a reflection of a change in the hydrogen
exchange mechanism with pD. This trend fbr each of the slow amides is

in complete agreement with the stability of the peptide conformation as
reflected in the tightness of binding to the metal. At low pD, where

the Stability is low, the amide hydrogens show first 6rder rate constants
of hydrogeh exchange which are'comparéble to those of the conformationally

loose poly-D,L-alanine. The expression

0.3-pD pD-6.3)100.05(t-20)min-1

k = 50(10 + 10 )

DZO

(where t =:temperature in °C), proposed by Hvidt and Nielsen (21), yields
k = 0.18 min_l for this polymer. As the pD is raised, the rate constants

for the alumichrome amides depart quite dramatically from the values pre-

dicted for poly-D,L-alanine, 6.2 and 741 minflpat pD 5.14 and 7.22,

respectiyely, and remain far below these values.
|

Since our measurements were made on the hydrogen-deuterium exchange

in the aluminum complex, it is of interest to compare these data with
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the bulk hydrogen-tritium exchange results obtainéd by Emery (17) for
ferrichrome itself b& the Englénder two-column gel filtration technique.

To facilitate comparison we reproduce Emery's data for the exchange at

- 30°C together with the half times for alumichrome at the same tempera-

ture calchlated on the basis of the determined AHT and Asf‘values Teported
herein (Table III).

The data show that at neutrality alumichrome exchanges slower than
ferrichrome and that the kinetic difference tends to disappear (a rever-
salﬁisAh§Pted) as the pH is lowered. This behavior suggests that the
rate constants for the ligand—metal*3 complex disso¢iation might be
smaller for A1'> than for Fe'> near pH (pD) 7 and that the stability
of the I\I'F3 complex is more dependent upon»H+ (D+) concentration than

that of the ferric analogue. This is supported by cur observation that

~at neutrality, no exchange of A1+3.for Fe+3 is detected (as would be

manifested‘by coloring of the solution gs'the Fefs is coordinated), while
it is known that 59Fe+3 readily exchanges with ferrich;ome (about 8
minutes fqr half completion) at pH 6.3 and 37°C (25). However, these
differences in the exchange kinetics should not be attributable to

isotope effects since Emery verified that rates for hydrogen-tritium

exchange do not differ significantly from those for deuterium-tritium

exchange. Furthermore, throughout our experiments we observed no

changes in the positions of the NH resonances as deutérat;on was pro-
cgeding, indicating that the conformation of the molecule is insensitive
to the hydrogen isotope at the:amide nitrogens.

The‘bulk hydrogen exchange kinetics of ferrichrome and alumichrome

show that on lowering the pH (pD) from about 7 to about 3 the number of
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slowly exchanging hydrogens increases_foy both compoundsr

Since hydrogen exchange iﬁ the presence of excess Fe+3 did not
affect the kinetics of the process, Emery suggesﬁxltha§ the Linderstrgm-
Lang hech;nism‘may not apply to the ferrichromes. Excesé'Fe*S should
shift the deferriferrichrome < ferrichrome equiliﬁrium to the right and
hence reduce the availability of "unfolded" peptide concomitantly
lowering thé rate of hydrogen excﬁange. On this Basis,'Emery suggested
that local environmental factors rather than a ¢onformationa1 ""breathing"
process would dominate the observed exchahge rates. However; a metal-
free inte;mediate could be of negligibléaimportance as a contribution
to the conformational fluctuations responsible for the observed hydrogen
exchange rates. Thus, random modulation of the disfance between the
metallic cenfer and gach'sidechaiﬁ bidentate might result in short-lived
dif and eventually ménohydroxamate complexes which could account for the
"unfolded'", loosely structured, intermediates responsible for.mos; of
the measured exchange. If such were the case, addition of extra metal
to‘the eichanéing solution could result in very small effects oﬁ the
exchange rétes as the '"'local” concéntration of Fe*snat the binding center
would rémain'esSentially invariant. This would fgsult in the kinetics
of the foiding process being practically_independgnt of the excess metai
ion concentration. Furthermore, and even if the concentration of the metal-
free peptide weére decreased in the presence of excess mefal, this effect
would bé obscured by the formation of 1:1 compléxeé, thus opening the
molecﬁle. Evidence supporting the forﬁhtion of a ferric complex of ferri-
chrome in the pfesence of excess iron has been repOrtéd (26).

Inidisﬁussing_E@ery's data for the ferricﬁromé hydfogen exchange
Laiken et al. have suggested the possiblity of a Linderstrgm-Lang Exl|
’ |

t
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(unlmolecular exchange v1de nfra) mechanlsm for the ferrlchromes (8)

The relatlve 1nsen51t1v1ty of the ferrlchrome hydrogen exchange towards
pH.changes mlght these authors suggest, reflect an 1nsen51t1v1ty of k
f1n expre551on (1) which would be rate- 11m1t1ng in the L1nderstr¢m -Lang
mechanism. Accordlng to. the 1nterpretat10n given. above, we be11eve that

it is the relatlvely strong dependence of k, on pH that results in the

1
relative pH independence of the overall exchange rates observed both in
the ferrlchromes-and in the alumichromes.

The components of the activation barrier

~ .

Vaiues for AH+, AS+ and AF+ (25°C) were‘calculatedvfor N-methyl-

acetamidenon the basis of Eyring plots from the exchange data of Klotz
and Frank (27): | |
AH* kcal/mole AS+ eo AF+ (25°C) kcal/mole'
acid 24 12 20
base 21 5 20

These values will be modified when'considering-the exchange behavior
of amides within a peptide or protein in its native state; H;bond and
steric shielding effectslwill contribute bothitovAﬁfrandiAsf since the

transition state I might require H-bond breakage and even partial unfolding

of its secondary and/or tertiary structure.*

*Woodward and Rosenberg (28,29) have found that native ribonuclease .
exhibits two classes of amides according to their:apparent activation
energies for hydrogen-tritium exchange. One CIass'shpws'activation
energies of 22 kcal, i.e., similar to that of.a‘number o% model com-
pounds~which have been studied5(21;27:30),_while.the other class

exchanges with activation energies of ~60 kcal. This latter class is,
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On going from pD 5.14 to 3.23, AHT'and AST decrease about 6 kcal

and 13 eu respectively for the oxnithines, whi_le.Gly3 shows a reverse

nature for thh}exchange'mechanism of these two typés of amides in the

v_alumichromevmolecule. ‘Raising the pD=from 5.14 tov7§22 appears not to 5

affect ASf-appreciably either for Orn2 or for Ornsg-the increased rate
of exchange for these two amides resulting from a 1 to 2 kcal decrease in

AH?. Howevér, the same increment in basicity increases AH+ by about

4 keal and st by about 13.5 eu for ornl.

T values are all

At pD 5.14, the data (Table II) show that the AS
negative,_decreasing in the order Orri2 (-4.7 eu) > an3 (-5.8 eu) > Orn1
(-9.3 eu) > Gly; (-17.1 eu), which hight indicate avirend of decreasing-
accessibiiity of the particular hydrogen.to exchange. The AH+ values
show a parallél increase so that at 25°C the three ornithyl amides have
about the»same free energies of activation (AF+'= 23.3 to 23.7 kcal)
while the Gly3 is abbut 2 kcal (AF+ = 21.2 kcal) below these values.

Our kinetic data proves useful in pointing“outvconformational dif-

3. Both are symmetrically located within

ferences between Gly3 and Orn
the peptidé'backbone ring in a sort of anti-parallel B-pleated sheet
structure. From the X-ray structure only the Orn3 amide is

transannularly hydrogen-bonded; however, by inspection of

however, associated with thé temperature- or urea-induced unfolding
transition of the protein and does not result from the kind of ''low
amplitude' conformational fluctuation which the I state(s) represent

and which we refer to in the text.
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atomic models a virtual conformafionalnidentity between the two paired
amide~carb§ny1 groupingévof Gly3 - Orns-is apparent. For alumichrome
in solution, the PMR chemical shifts,.their temperature dependences and
the gross eiéhange behavior of ifs amides did not aiiow us to discern the
relative contributions of hydrogen bonding and steric effects to the

stability of these amide hydrogens (11). It is, hence, of interest to

compare their heats and entropies of activation. Since

¥ for Gly3 is about 5.5 kcal below the value for Orn3 (= 20.9 kcal)

aH
and hydrogen bond energies are of the order of 3 td 8 kcal/mole, the
enthalpy difference between these two amides falls well within the range
that contributions.due to hydrogen bond stabilization would make. Leichting
and Klotz (31) have discussed the importance of inductive effects on the

- stability of this amide towards exchange resulting from groups on both

sides of the -CONH- group. In ferrichrome the GIyS-- Orn3 amide pair is
similarly located within the ring in the sense fhaf both amides have an
orﬁithyl sidechain to oné side and a glyéyl a-hydrogen on.thé other, so

that to a first approximation, the inductive effects on the hydrogen
exchange of.this pair should be similar. However, since the side chains

of these two residues are so different, the closer proximity of the

ornithyl side chain to tHe Orn3 amide Nﬂ_relati?é to the Gly3 NH could
result inlSOme detectable exchange rate differences. Indeed, at 25°é

the pKa's-of ornithine are 1.94 and 8.65 and of giycine 2.34 and 9.60 (32).
This indicates that any differential inductive effects would tend to
increase the positive charge on the ornithyl relative to the glycyl amide

NH and C=0 and hence would result in a relative increase in the electro-

static contribution to the strength of the Ornz‘crOSS-amide hydrogen bond
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while increasing its intrinsic rate Qf base-catalyzed hydfogen exchange.
fhis,reinforces thé'suspiéion, supported.by the différénces in AH1~ for
exchange, that while Orn3 is transannularly hydrogenrgonded, Gly3 might
not be in this state. ” o |
Why then the relative stabilityvof the Gly3 Nﬂ_towards hydrogen

exchange? The answer is given from the AS+ differencés: fhe Gly3 NH

is about 11.3 eu (=3.4 kcal at 25°C) more stable than.fhé Orn3 NH,
suggesting that indeed steric effects are reiativeiY'méfe imporﬁant in
| shielding tHé glycyl than its paired ornifhjl.. )

At ﬁb 3.23 and 25°C the AFT values are‘simiiar fdr all fﬁe slow amides,

ornithines and glycine alike. Such is not the case for the aH' and
: Asf_contribuﬁions. The large négafivé AS+ values fﬁund for the ornithyl
fesidﬁes probébly indicate that their exchange is pfOceedings fﬁrough a
different conformation, favored by reiatiVely iqwe£ AH+ values (16.3 kcal
> AHT ;ﬁ4,5 kcal). The mechanism involves the acid—catalyzedJmetal exchange
which ampiifie§ the conformational fluctuations. It is préﬁable that at
“this lower pD the AH+ is a more reliable reflection of the diﬂtrinsic”
 hydrogen eichange barrier.associated with ornithyl amides since the
unfolding mechanism generated by the‘mefgl exchaﬁge, by being acid-
catalyzed,'should involve less energy of activafioh; Fdf Glys, the AH+
and AS* values for h}dr&gén;ekchange at this pD wouid.sﬁggest.a different
interpretation than that given above for the ornifhyl aﬁides. .Itvcould
be imagined, for example, that the randomization bf'the ornithyl side
chéins' conformation is accoﬁpliéhed by a swihg ﬁoﬁard‘énd away from the
metal center while pivoting on the peptide backbone.- In such a process

the Glys'amide hydrogen could be offered a'leSS'favorable‘conformation
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for exchahge and the process could thus result in larger AH+ and smaller

ASf valués,"However, any plausible explanation for the hydrogen exchange

of this amide is obscured by the relatively larger errors of its kinetic .

parameters, reflected in the standard deviationsngiVen in Table II. At

this lower‘pD'the ornithyl amides provide, henée;lafclearer'picture gf -
the moleculéf‘fluctuations than do the figures for the Glys'hYdrbgén

exchange, not only because of a relatively better linear leasf squares

fit of the experimental points, but also becausé.tﬁéy are a more sensitive

probe of the conformational stabilizing effect of metal chelation.

| Meéhﬁnistic implications
By cal;ulating the exchange rate constant k3 fqr a random poly-

peptide,»hémely, poly-D,L-alanine, on the basis 6f equation (2), and
dividing the observed k by this number, a gross:éstimaté c;n be obtaiﬁed
of the feiative impedance to exchange for the different amides under

the varioué_pD conditions. It is within the framéwork of the Linderstrgm-
Lang, Hvidt and Nielsen treatment that thé meaning of %-be¢omes'
mechanistically»meaningfui (21). According tO‘thé theoiy, if the exchange-
able amide hydrogens do not remain toollong in the exposed state
'(kl <_k2);_two extreme limits are of interest,.‘thé unimolecular EX;

(kl < Akz <? ks) and the bimolecuiar,‘EX2 (kl < .kz >> k3) mgchanisms.
In the EXl_mechanism_the rate limiting step is théﬂunfolding of the

native structure and the observed k equalsvkl, while in .the EX, mechanism

2
- , k :
the leak'_-out-k3 process is weighted by the extent of unfolding (El-'of L
: k. 2
the peptide and the observed k equals El‘ks..-
A , 2
For alumichrome at pD 3.23 and 25°C, 0.3 ¢ E -E 0.5 for the slow

o 3
amides, which is too large for.an EXZ mechanism. By contrast, the EX;
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mechanism would imply k =.k1
0.2 min-;-(poly-ggg;alanine) and the observed k ¥ 0.4 min"l. It is then

<< kslwhich is contradictory‘since k3 X

likely that at this pD the actual mechanism be intermediate between the
‘ : ] | N
.gxtremes ;xl ;nd Exz, nayg;y, kl < k2 = k3. o
. From the experimental pD dependence of the hydrogen exchange rate
constant above pH 4 for poly-D,L-alanine [equation (2)] it can be derived
that

? log k3 -

I
ot

"3-pb T

By assumi;xg’k1 and k2 to be relatively pH independent, it can be. shown

that an EX2 mechanism should yield:

9 log k- : :
—_— |[Hvidt and Nielsen (21)]

it
[V

3 pH T ‘
This analysis was applied to alumichrome at pD 5114 by‘studying the
exéhange kinetics at pD 5.04; The data at these fwo pD's as shown in
Table I and Figure 4, ﬁay bé comp#red. A A(pD) = -0.1 results in about
.a douBling 65 the hydrogen exchange rate of the orﬁithyl'amides, while
the Gi&sv:até is halved, i;g;, . -

3 log k . 1.6 for Gly®

| 2 pD ‘ f:zé = o1 for Orp

Thus,‘while Gly3 seems to satisfy the above ;riterion andimight‘exchange

through an EX, mechanism, the data are less clear for the ornithyl amide

2
mechanism. This minor pD shift appears to affect the Gly3 and Orn values
, .f. : . . . - P ‘
of 8H' and 4S' in different ways. In the case ovaly3 the decrease in

the exchange rate is due to a 6.5 eu drop in AS* that overcomes the

opposing. 1.5 kcal drop in AHT. The ornithyl amides, however, decrease
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their exchange rate dﬁe to slightly more favorable values of both AHT

and ASf. These thangesvfor the ernithyl'dmides, although small, are in

the;direction that would be expected ffom an increase in the aeid—eatalyzed
metal exchaﬁge'ésbdiécuésed when conSideriﬁg the exehange kinetic data
forlpD 3.23. lByvcentrast,'chenges in the Gly3 aﬁidevkinetie parameters,
.in accordaneeewith the ks dependence onipD, are'SUggestive of a tighter
icdﬁpling of this amide to a relatively ﬁore pD invariant‘peptide’backbone

confbrﬁation.' The %— ratio, hewever; although larger for Gly3 than for
: 3

the ofnithyi'amides, are all of the right order of'mégﬁitude for 'an’EX2
exchange ﬁechahism at this pD. In summary, it is proposed that the reason
why the above partial differential criterion does not apply for the orni-

thyl amideé isvthat their k1 and k2 values are so dependent on the acidity

of the medium that they fall outside its range of applicability.
On raiéing the pD from 5.14 to 7.22, metal eheiation-dependent kl

decreases and k., increases. The ratios E—-now yield the values 0.36 x

2
-5 : -5 ' -5 2 3 .
10 ¥, 9.54 x 10 and 32.9 x 10 for Orn™, Orn™ and Orn™, respectively.

The range covered is about two orders of magnitude, suggesting now more

differentiated exchange paihways within the applicabiiity of an:E.X2
mechanism, if it applies to them at all. .Indeed, at pD 7.22, k3 = 7.4

x 102 and it is likely that an EX, mechanism (k, << k, < k) is

respensible for the exchange. The relative probaﬁilistic weight of an

EX1 over an'EXZ mechanism increases the greater k3 and the smaller the

%—-ratio so that, especially for the case of Ornl; the EXl contribution
3 ‘ ' '
to the observed kinetics might be relatively important.
For Orn', pD 7.22, we find a 48T of about 4 eu/mole. The as’ for

base-cétalyzed hfdrogen—deuterium exchange in N-methyl-acetamide is

]
¥
-
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estimated to be about 5 eu/mole [from data of Klotz § Frank (27)]. If,

due to the high stability of the chelate at this pD, we assume an EXl

ekchange mechanism, then k = kl’ which implies AS+.§ ASI; There would

thus be little or no change in the'"ordering" offthé’system'in.going
through the activated state and hence,»presumably,.ﬁo significant con-
‘fbrmational change, as would be required by this mechanism. This
mechanism be\operative.'3ff‘ohe

1
k
‘assumes that an EXZ mechanism explains the. exchange, and since k = ElTks
‘ . 2

,excludes the possibility that an EX

and ASf‘=,Sieu/mole fo;_the k3 process on the basis of ‘the N-methyl-
acetamide#datg,lit is then quite obvious that ASI - AS§'='O and this is
iﬂdeed verylpnlikely since the I state, by being unfolded, should have

an algebraically larger entropy value -than that of the tight chelate,

;he "native" state. Since none of the-propdsed mechanisms’ seems to

agree with the experimental data, we sﬁpport,the idea that at neutral

pD the e#éhaﬁge proceeds through direct interaction between the exchanging
species, i.e., without.involving any major unfolding to expose tﬂe buried
amide. The high enthalpy of activation is easily understood as the barrier
for the aqﬁéous‘hydroxyl to reach the buried Ornl_Ng_site should be high.
It is likely that the internal amide hydrogéns in the alumichromes may
serve to illustrate a principle:of wide; applicability in érotéins; the

magnitude AST should indicate which mechanism is predominant:

.;é§i:p . mechanism
large ' unfolding - -
small . direct

;Leichtling and Klotz (31) and Klotz. and Mueller. (33) have presented good

evidence that the local environment surrounding the exchanging amide has
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definite influence on_its‘hydroéen”ex;hange'hehayior‘ Klotz (34) hés
distinguishéd-betueen in;rinsic and eitrinsic'fattors regulating the
é;change kinetics~. The intrinsic factors are to be found in the amide
itself, namely, hydrogen-bonding, -CONH- ﬁéighbor;ngup’indﬁbtiQe effects,
etc. EXtringib factors will'depénd on the solvent Cpbiafity,vdbaposition, -
pH, etc.) and the local environment (hYdrophobic dr Hydraghilié character).
According to the Berger, Loewenstein and Meiboom mechanism (35): fﬁélbase-
catalyzed hydrogen exchange invol?és the existence of an anionic inter-

mediate. 'Hence, the Ornl amide, by finding itself buried in a highly

" non-polar surrounding, would show a reduced rate of hydrogen exchange

due to a felative de—stabiiization'of the anidnic‘intermediéte by.ité
hydropﬁbbic:environment. This effect wbﬁld then add to any staﬂiliza-
tion of'the starting'ground state, the hydrogenated amide{ due, for
'ekample! to mere steric protection.

At pD 7.22 the analysis of the Orn1 amide hydrégen ekchange agrees
with a relatively rigid'picture of the peptide>c6nformation'as reg;lated
by the side chain chelation to the metal. As previously indicated, how-

ever, the extent of the unfolding required'by all the amides to proceed

through a Lindefstrém-Lang mechanism might be different, so that at

-neutfality enough conformational flexibility might be present to allow

the Orn2

and Orn3 amides to follow this mechanism even if the more buried
Orn1 does not. As has beén.pointed out by'Eméry tl]), fefrichrome'lacks
any free»éharged gro#p whose titration could result in drastic conformational - -
transition§" One would expect that any conformational fluctuations present.

at pD 7 will also be present at lower pD{'in addition to those controlled

by the metal. The asT values for 0rn? and Orn%_amidé'hydrogeh exchange

b .
3 v
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at pD 7.22 show that these extra contributions to the conformational |
<f1uctuation$; if present, are small. This suggests a lack of flexi-
‘bility'for the peptide'bickbone'ring per se and that the whole molecule
i$ tightly'sﬁructured once the metal exchange rate is reduced.

The term "motility' has been used to indic#te'r#tes of folding-
“unfoldingv(kif+ kz) of protein molecules. 'Originaily‘Exl and Exzj
exchange mechanisms were implied as being of low and high motility respec-
© . tively. Eveﬁ-though this correspondence is not-rigorous [see (21),

p- 319], 1t still has some heuristic value -in that it gives an idea of

- the frequency of the conformational fluctuations. ‘Aﬁ interesting feature
- of the alumichrome data is that within the range Shrva'y 7 they suggest
little variaﬁion of the nét "mdtilify"'(= k, *+ k) even thpughzthe Ei
.ratio might vary through several orders of magnitude. AlumiéhrOme, hence,
‘exemplifies the relevance of the relative weights of the folded to the
- unfolded state, rather.than the absolute conformational'fiuctuétipn fre-

quency, as a major determinant of the hydrogen exchange ‘mechanism.

Gramicidin S-A vs. alumichrome

Linear interpolatidn of the reported (8) gramicidin S-A 0°C rate

constants to pH 3.23 yields a half life of hydrogen exchange of about

4

2,500 minutes (k = 2.8 x 10 min-l). If one calculates these same

kinetic parameters for the slow amide hydrogens of alumichrome at 0°C
T and 28T values at pD '3.23 ‘(Table III), the figures for the

half lives and rate constants are:

Gly> orn! ~om? o’
1‘.1/2 (min) 180 126_ 98. 126
k @min" 1y 3.8x107°  5.5x107>  7.1x107°  5.5x107°
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For poly-D,L-alanine (free amides) the exchange rates calculated for these

same conditions yield half lives of &68,minutes X ~ 1072 min-l). It is

then clear that although some kinetic stabilizati9n of alumichrome rela-

tive to pdly—ggg;alanine might be present, under these same cohdipions

- gramicidin S-A would appear to have a much moié'rigid_éénfbfm;£i6h, the

-difference in hydrogen exchange AF+.beingbabout 112 kcﬁl;.'Aﬁ exﬁlanation

for this must be sought in the different mechanisms through which these |

two peptidesvéxchange. While the unfdl&ing in alumichfome is‘acid~cata1yied,

rthefconfq?mation of gramicidin should be essentiaily insensitife to pH.
In'alumichrbme'the reduced rate of amidé hydrogen eichange, éven at

- pD 3;14 and 0°C could still be accounted for in terms of the reléfive con-

‘formational rigidity enforced on the péptidé by the mefal chelation.

Since in gramicidin S-A this stabilizing fofcé is absent, we cbn;iAéred

it convenient, for compaiative purposes, to observe the exchange kinetics

of the metal-free peptide. The PMR spectrum of the deferrifefrithome

amide NH region, in water, sho&s on going from low to higher.fields,

first a tripiet, corresponding to a'single‘glycine anide (Giyl), then a

broader copplex band which is the oﬁerlap of Gly2 + Gly3’+ Orn‘

1° and

finally, two separate doublets, corresponding. to Orn, and Orn3 (11). The

2
spectrum at 23.5°C shows lines that are slightly broader than at 58°C.

Due to this broadening, at lower temperatures the last two ornithyl peaks
are not well resolved. Hence, the exchange of these three resolved bands

was followed at pD 3.0 and 3.5°C. The measured half lives and rate con-

stants are:
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band 1 band 2 band 3 poly-D,L.
(Glyl) (Gly2+Gly3+Orn1) (an2+0rn3) a;anlne
tyyz @in) 6272 | 80-2 84-2 | 19
k min™h)  @1.2fo.9x10®  (s.6%0.2)x107 (8.2%0.2)x107° 36.6x1073

The values for poly-D,L-alanine were calculated.as before. Although the
- data suggests a more protected location for the"amides with feéonances
at higher fields this protection is not gfeat'relativé éither‘to”the cal-
culated values of random poly-D,L-alanine or even less to the values
reported for gramicidin S-A under similar conditions. It is then quité
likely that in aqueous solution the preferred'conformation dées not have
‘internal émides in sufficient relativeAconcentratioﬁ to be PMR detectable.
Such an idea has been advanced in regard to the laék‘of’hydrbgén exchange
kinetic difféfentiation between PMR observable amide;hydrogené in-synthetic
.cyclic hexapeptides (36,37). | | | |

In the previous discussion the hydrogen excﬁénge kinetics of deferri-
ferrichrome, alumichrome and gramicidin S-A were'compared:at about pH 3.
At higher pH's, however, the exchange in gramicidin S-A is much faster
than in alumichrome. The structural stabilization conferred by -the metal

chelate moiety clearly differentiates the two compounds.

Conclusions

A conéequence of Klotz's approaéh to the thedry of hydfogen exch;nge
is that even though base-catalyzed rates should bé dependent on hydroxy1l
- ion concéntration, the activafion energies wilfiremain constant (27).
The alumichromes do not satisfy this rule. Relatively large changes in

.f

the AH' and AS+ values resulted for =ach single amide as the pD was

varied. Since the PMR spectrum of the amide region does not change, as
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would be expected for a pD-driven conformation31 drift; the local (N state)
m111eu around each amide remains constant with pD so that env1ronmental
changes cannot account for the observed variations in the k1net1c parameters.

By contrast, we have noted the inadequacy of elther an EXl or an
EXZ LindefStr#ﬁ-Lang mechanism to account for the observed hydrogen‘
exchangevrates of Orn1 at pD 7.22. It was suggeeted thei poor difect
éccessibiiity of this particular amide to the solvent plue eertain>
de-stabilization of the anionic intermediate by itsvhydrophobic environ-
-‘ment conid,account for its observed lew rate of exchange. |

| A summary of eur view of the pD effect on the mechaniem for the

alumichrome amide hydrogen-deuterium exchange ie'diagrémmatically pre-
sented in Figure S. Within the Linderstrgm-Lang hypofhesis there is
first e free energy barrier (AFI) to reach the intermediate, unfolded
state I, followed by a secend free enefgy barrier (AF;) for the direct
H-D exchange of the unhindered amide. While_AFI_has'a relatively'high

entropic contribution, AF+ is mainly enthalpic. In our experlments on

3

* alumichrome OD catalyzes the second step while D catalyzes the first.

I and the AF; barriers with pD

barrier is so low that the overall

In Figure 5 the relative trends of the AF

are depieted; At pD % 3 the AFI

exchangefrate is determined by the AFT step, the intrinsic rate of amide

3
hydrogenadeuterium exchange being minimum at about this pD. At high .pD

4

(47) the structure becomes reinforced because of the high kinetic stability
of the chelate moiety. Even though the intrinsic amide exchange barrier,

;, is now reiatively low due to the base catalysis, the height of the

AF
AFI barfier results in measurably low exchange rates. At neutrality,vand

at least:fdr'the moreburied'Orn1 amide, it is verynlikely that the
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exchange does ﬁot proceed to a sigﬁificant extent through a Linderstrém—
Lang mechanism; The relatively ﬁbre extensiye Eqnformational change
which would be required for this amide to become expoéed suggests thét
its eichange might instead proceed by direct reaction with the solvent.
Thus, in the folded N confo;mation, its exchange rate would be highly
reduced by,its hydrophobic environment as well as by its steric inaccessi-
bility. At pD‘m 5 the situation is intermediate between the two previous
cases. Eveﬁ though base catalysié should result in a»relatively_fastv‘
intrinsic.fXChange? the structure is more stabili;ed_by the;Al+3 tri-
hydfoxamateICOmplex than #t lower pD and some excﬁange retardation becomes
apparent. Although at this pD the Linderstrgm-Lang mechanism may still
be predominant, the direct exchange, without unfolding, may commence to
contribute to the measured rates.

A merit of alumichrome as a modél for amide hydrogen exchange is
fhat it‘clearly shows the relative requiremeﬁt of both the Klotz and
the Linderstrém-Lang approaches for explainiﬁg the observed exchange
kinetics. Both local environmental effects and_conformational fluctua-
tions are present: while the second dominates the exchange rates
around pD 3, the first becomes dominant around neutrality, with a
gradual transition of one mechanism into the other on passing through
intermediate pD'é. The relative eontributions of each mechanism depend
on fhe pafticular amide and its location within the molecule.

Out of thi; inyestigation, a picture emérges that provides us with.

a molecular dynamics view of the ferrichrome solutionfcthéfmation.
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Table I
Algmichrome ‘
ST .Gly*s Orn’ Omz orn®
(a) pD 3.23
4.7  0.0041%0.0002
9.6  0.0207°0.0009 0.0164%0.0007 0.0202%0.0011  0.0190%0.0011
12.8  0.0300%0.0023 0.0184%0.0027 0.0332%0.0004 0.021020.0018
17.3  0.0358%0.0011 0.0245%0.0011  0.0305%0.0006  0.0291%0:0008
24.2  0.0761%0.0016 0.0536%0.0026 0.079720.0025 0.0723%0.0022
~ ‘
20.5  0.137720.0038 0.0660%0.0047 0.127620.0073  0.1096-0.0040
34.0  0.2455%0.0135 0.1470%0.0077 0.2186%0.0172 0.1917%0.0181
() pD 5.04
17.3  0.028270.0004 0.0010%0.0001 0.0019%0.0001  0.0012°0.0001
'24.2 0.0480%0.0011 0.0030%0.0001  0.0053°0.0001  0.0036°0.0000
30.5  0.0675%0.0017 0.0081%0.0003 0.0128%0.0003  0.0091%0.0002
34.0  0.1152%0.0015 0.0076%0.0006 0.0169%0.0007  0.0107%0.0004
41.2  0.2073°0.0082 0.0180°0.0005 0.037720.0016  0.0230-0.0007
51.0 b}4ozgfo.0169 o.osssfo.oogpmf§o.111310.6053 0.0744%0.0064
(c) pD 5.14
17.3  0.0557%0.0013  0.0005%0.0001 0.0010%0.0001  0.0010%0.0001
24,2 0.0984%0.0020 0.0020%0.0001 0.0033%0.0000 0.0033%0.0000
SQ\$ 0.185270.0048 0.0034%0.0001  0.0062%0.0001  0.0062%0.0001
34,0 0.2693°0.0119  0.0044%0.0001  0.0094°0.0001  0.0102°0.0002
£1.2 0,4792?0.0315 0.0104%0.0009  0.0217%0.0014 0.0204%0.0011
51.0  0.0316%0.0015 0.0666-0.0022

0.0632%0.0029
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Table I (Cont.)

T Gly3 Orn; Orn2 _ Orn3
@) pD 7.22

5.0 | / 0.0066%0.0001 0.0197%0.0004
96 | | ~0.008370.0002  0.027770.0005
12.8 | 0.0174%0.0004  0.0572%0.0151
17.3 | 0.00060.0000 0.0345-0.0009  0.1229%0.0045
24.2 o 0.001720.0000 0.0576-0.0017  0.2422%0.0053
30.5 | ©0.0040%0.0001  0.106520.0035 0.3921%0.0179
34.0 . 10.0078%0.0002 - 0.2184%0.0064 -0.6671-0.0320
a1.2 0.0179%0.0005  0.4499%0.0226

51.0 0.0540%0.0033 |

The first order rate constants (k) for the hydfogeﬁ—deuterium exchange

of the slowly exchanging amides of alumichrome. The values are calculated
for the individual amides from the slopes of the linear least squares fits
of the eiperimental dara points as ;p Fig.'l. The k values together with
their standard deviations are tabulated vs. temperature (T) at each pD.
The st‘studiedTwere 3.23 (a),:s,o4 ®), 5.14 (c) and 7.22 (d). The

units in this table are minutes-1 for k and °C for T. Each pafticular

k refléctsva linear fit of a number of points which typically varied

frbﬁ 5 to 10‘depending on the particular amide, temperature and pD. The
statistical quality of the first order édjustmeﬁ;s is reflected>in their
corresponding standard deviations. Because thé»exchange of Gly3 at

pD 7.22 is too fast, it was not monitored and the corresponding data are

absent in (d).
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Table II
Alumichrome
t t .t oy ‘
AH aS AF" (25) k(25) t)/2(25)
(a) pDb 3.23
Gly>  20.0%2.3 . -4.4%7.8  21.3%3.2 0.0918 . 7.55
om!  14.5%'1.6 -23.8%5.3  21.6%2.2 0.0564 12.30 .
orn’®  15.6%1.7 -19.1%5.9  21.3%2.5 0.0864. 8.02
com®  16.3%1.2 -17.2%4.1  21.4%1.7 '0.0027 9,31
N () pD 5.04
Gly 14.5%0.8 -23.9%2.6 21.6%1.1 0.0511 . 13.57
om' 20.6%1.4 -9.0%a.5  23.3%1.9 0.0031 224.38
om?  21.6%0.6 -4.5%2.1  22.9%.9 0.0056 121.88
orn>  2t.4'1.0 -6.0%3.4  23.2%1.4 0.0038 179.96
() pb 5.14
6ly>  16.1%0.6 -17.1%1.9  21.2%0.8 0.1109 6.25
1 -+ + +
Orn"  20.9°1.4 -9.3%4.7  23.7-2.0 0.0017 1415.87,
om?  21.9%0.6 -4.7%2.1  23.3%.9 0.0031 220.05
orm®>  21.6%0.8 -s.8%2.6  23.3%1.1 0.0032 219.46
(d) pD 7.22
61y® | |
om'  24.8%0.7 4225 23.6%1.0 0.0019 361.79
orn®  19.9%1.0 -5.2%'3.3  21.4%1.4 0.0706 19.82
orn®  20.3%1.2 -1.4%4.0  20.7%1.7 2.83




-3&-
Table II (Cont-)

The activation enthalpy sH' and the activation entropy ssT for the amide
hydrogen-deuterium exchange of alumichrome at pD 3.23 (a), 5.04 (b),
3.14 (c) and 7.22 (d). The kinetic parametere eorrespond to the slowly
exchangrng amides and have been determlned from welghted least squares
fits of the absolute reaction rate theory expressions for the temperature
_ dependence of the first order rate constants, given in Table I, and as
depicted in Fig. 4. The standard’deviationsvare inclﬁded; and'they
reflect the statistical quality ef the adjustments. Also included in
the table are the activation free energies AFffZS) at 25°C, calculated

.’.

from the tabulated AH and AST on the ba51s of the expre551on AFf

'Aﬂf-TAS+ 'wlth their uncertainties as propagated from the standard
deviations of AHf and Asf. The first order rate constants k(25) and

eichange half times t (25), calculated for all the measured amides at

1/2
-25°C from AFT(ZSj and the absolute reaction rate theory expression k =
. 1 | ﬂ
A
KT RT , . : . .
x € are also included. These values are convenient since they enable

comparison of the relative exchange kinetic behavior of all the amides
udder.identical temperature (25°C) conditions. The reader is reminded,
however, thatdthe measured rate constants are given in Table I, together
with their‘ekperimental uncertainties. As statedvin'Tabie I and Fig. 4,
the Gly3 amide exchanges too fast at pD 7.22 and hence its corresponding

1.

kinetic parameters are not included in (d). AH' and AFf(ZS) are expressed

in kilocalories/mole, AS+ in eu (= cal/(°Kelvin x mole)), k(25) in minutes

and t1/2(25) in minutes.




_35_

Tahle LI
PH = _ 3.0 4,7 . 7.
QA) " Ferrichrome . 48 (3.8) 94 (2.7) 14 (1.8)
pp= - 3.23 5.04  5.14  7.22
(B) Alumichrome  Gly® 4.26  8.91  '3.93
| Orn! 8.08  124.30  228.57 . 178.18
Orn? 5.10 65.68  117.69 -  5.55
> »Orns '

8.08 97.63  118.42 - 1.58

Half times, in minutes, of hydrogen-tritium exchange for ferrichrome (A)
and of hydrogen-deuteriUm exchange for its Al+3 analogue (B). The values
'for the ferric complexes were measured at 30°C by Emery (17), while those
for éldmichrome are caléulated, for the same temperature, from the free
energy of'activation at 30°C and on the basis of the absolute reaction
fate theory from the kinetic data (AH+ and AST) réported in Table II.
rThe yalueﬁ'in parenthéses are the number of_slowly.exchanging hydrogens
(per ﬁole~of peptide) obtained by Emery by zero time extrapolation of the

bulk exchange kinetic. curves.
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FIGURE CAPTIONS
Fig. 1. Thevconformatlonal model for ferrichrome'(ll). Chemical bonds
along the peptlde backbone ring are represented Wlth heav1er lines,
and the correspondlng re51dues, whether glycyl or orn1thy1, are
labeled by numbers in c1rcles at the a- carbon atom The metal 15_
represented by M and for 51mp11c1ty, only those hydrogen atoms belonglng
to the four slowly exchang1ng amldes, namely, glycyl 3 and the three
»ornlthyls, are shown. Whlle the ex1stence of the hydrogen bond brldglng
Glys-NH-"-O‘:C-Orn3 is not clear from prev1ous work, in thls communication
it is suggested that in alumichrome the stab111ty of this amlde tawards
hydrogen exchange is mainly due to sterlc rather than to H—bondlng pro-
tectlon. "A distinction is made between very weak () and stronger
(——«) hydrogen bonds | |
. L S

Figt 2. The;ézbeHa'amide NHvresonance region of 125 mM aqueous
alumiChrome at 56'S°C This spectrum was recorded at pH 5.14, but the
chemical shifts are invariant within the pH (pD) range studled in thlS
':work Each resonance is asszgned to 1ts correspondlng residue accordlng
| 'to the convent10n followed in Flg. 1. The chemical shlft'scale 15_
referred to internal tezt;butyl_alcohol and_is expressed in parts‘per

million (ppn) at the top and in Hertz (Hz) at the bottom.

Fig. 3 Hydrogen¥deuterlum erchangevkinetics for'the four slowly
exchan01ng amldes in alumlchrome at pD S 14 (0.005 M ds—acetate) in

DZO and at 24.2°C. The dots plot the logarlthm of the experlmentally
'measnred:proton resonance peak amplltudes_x§; t;me ;n minutes. The lines

are least squares fits of the data points assuming a first order decay
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FIGURE CAPTIONS (Cont.)
and, together with the data points, are norm#liZed to 10 for zero time.
The eiper{méhtal points fo? egch‘amide are marked_according~to t@e key
-;ncluded iﬁ_the-figure; which also shows,vin pa:en;hgses,‘the times in
miﬁutes fof ﬁélf &écay of the cor:espondingzamidevresonanceszz The
Ain&icés idenfify the resonaﬁces according ;ovthe convention followed in
the text. The ekchange rate constants dete;mined ffom linear fits of
this kind, together with.their standard deviations, are given in Table I
for the slow amides of alumichrome uﬁder different pD and temperature
conditions. e

~

Fig. 4.ﬁfAbsolpte'reaction rate theory plots for fhe aluﬁidhﬁbme‘Glys,
Orn;, Orn2 and Orn§ amide hydrogen—deﬁterium'exchange kinetics-at pD
3.23 (a),,S.Qﬁ (b), 5.14 (¢), and 7.22 (d). At pD 7.22",‘Gly3 exchanges
too fast to be monitoréd by this technique. The lines are weighted
linear legst squares fits of -Rln (ng) in-cal/(°K‘x mole) vs. inverse
temperaturé in.(°K-;)t;.Ihe.weight for each point is given by the inverse
logarithmic standard &uviation of the correspondihg k determined froﬁ

_ plots such as shown in FigL 1. The slopes of these linear plots yield

t

AH', the enthalpy of activation, while the intercept (at T—1 = 0) yields

t sd'determined, together

AS*, the éntropyvof activation. ‘Aﬂf and AS
with their standard- deviations, are given in Tablé'II. At pD 3.23 the
linear fits are’poor, mainly because of lower insfrumental signal-to-noise
due to the higher ionic strengths of the solutions as discussed in the
text. Ho&ever, the»dafa‘in (a) clearly demonstrate a closer kinetic
equiValence between the different amides than at lower acidities (b),

(c) and (d). The labeling of the points, according to the key included

in (a), follows the same convention as in the previous figure.

vw
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FIGURE CAPTIONS (Cont.)

Fig. 5. Diagrammatic representation of the pD'dependence of

f

AF' of hydrogen-deuterium exchange for a "buriedﬁ'amide hydrogen

(e.g., Ornl) in the alumichromes. The diagram is constructed on

the basis of the Linderstrgm-Larg scheme: - '
k, - ,k
Ng=1 - exchange
| k, L
Vertical scales are apbitrary. The intention here is to show the

shifts of‘AFI_fef;tive'tofAF;as thé'pp‘is'ﬁat;éd.“{it should be
noticeﬁ‘that‘due to the 6pé¢$itéubbuaepeqdéﬂces which}AFI'and AF;
exhibit, thelnet'obsefved'AFf is’ not ﬁuéh éffected b} pD. In the
teit arguments are giveﬁ that §upport the predominance of this
mechanism at pD 3 and e;én'at'pD 5, but, for certain amides’, not at

neutrality.
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The Linderstrom - Lang hydrogen exchange scheme
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