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~ The Solution Conformation of the Ferrichromes, III:

A Comparative Proton Magnetic Resonance Study of Glycine

and Serine Containing Ferrichromes (1a.b,c)
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Abstract: Ferrichrome, ferricrocin, ferrichrysin and ferrichrome A are

ferric cyclohexapeptides whose general composition is represented by
2 1

'—Orn:5

-

-Ornz-Ornl-} where the Re52’°
1,2,3

' LRes:,’-Res -Gly sites are occupied by

glycyl of L-seryl residues and Orn stands for 6-N-acyl-§-N-hydroxy-
L-ornithyl. The latter provide the hydroxamate ligands which coordinate
the metal ion. The 220 MHz proton magnetic resonanéé (PMR) spectra of
a3 and Ga'> chelates of the four homologous peptides in aqueous and
in deutero-dimethyl sulfoxide solutions are reported and analyzed in
terms of the molecular conformations. In bofh solvents the chemical
shifts of the amide proton resonances and their _teinperature dependences
are consistent with a structure containing two tr.ansannular hy"drogen
bonds, as in the Schwyzer model for cyclohexapeptides. The metai ion
enforces the structure of the peptide backbone; thus, the reported coa-
formational differences resulting from residue substitutions at sites

2 and‘3, as well as from solvation effects, are virtually eliminated upon

its binding. The chelates exhibit pronounced chemical shift differences



-2-

among the anide Ni's with markedly rccuced temperature dependences {or
vfour of thém; Gross amide hydrogen*déuteriuﬁ eichange kinetics in DZO
indicates ihat these four amides have a highly diminished interaction
with the solvent. The compérative'spectra of the analogous chelétes
permits unequivocal assignments of all proton resonances to residues in
the absolute sequence. The magnitude of the amide Nﬁ;Cag_spin-spin
couplings- yields estimates of thé conformational ¢ dihedral angles.
Aside from slight seryl side-chain solvation pressures, the PMR data
for the chelates in solution are in good'agfeemént with thé static X-ray

crystallographic model for ferrichrome A.

uf



Introduction

In a'pr¢Vious communication the problem of the solution conforma-
tion of ferrichrome was stated and analyzed (Llinds, Klein § Neilands,
1970). It wés possible to correlate the .proton magnetic resonance (PMR)(Z)
spectroscopic data for the Al+3 analogué (alumichrome) of the ferric
peptide with fhe X-ray structural model for crystaliine ferrichrome A
tetrahydrate (Zalkin, Foriester § Templeton, 1964 and 1966). Although
the correspondence between these two sets of data proved to be excellent
it would be desirable to arrive at a model for the peptide in solution
which did not require the assistance of the X-ray data for its justi-
fication. In principle, the PMR spectrum of alumichrome should contain
all the information necessary to derive such a conformational model.

For the time being, however, this fask excéeds the theoretical develop-
ments. Accordingly, a more naive attémpt to achieve such a goal by an
experimental approach, viz., by direct comparison‘of several ferrichrome
analogues, is presented in this paper.

Ferrichrome is one member of aﬁgroup of ferric cyclohexapeptides,

of fungal origin, whose amino acid séiuence can be generalized as
2 1 3

FRes>-Res?Res “ornS-0rn2-0rnd where Orn' and Resd (i,j = 1, 2 and 3)
denotes Gfgfacylfafgyhydioxy-g;ornithyl and L-alanyl, glycyl or L-seryl
residues respectively (Keller-Schierlein, Prelog § Zdhner, 1964; Neilands,
1966 and'1971). The supraindices label the residues foliowing the order |
established by Zaikin, Forrester and Templeton (1966) in their X-ray

study of ferrichrome A. The sites along the peptide backbone occupied

1 2 3

by Res™, Res” and Res™ will henceforth be referred to as sites 1, 2 and

3 respectively and should not be confused with those held by the three



G-E}acyl;a;ﬁfhydroxy-g;ornithyl'residues. Although ”fer?ichrome“
aeno£es that particular membefbof the éroup for which sites 1, 2 and 3
are occupiéd'by giycyl residues and whose'5-g;hyerijgjornithyl—64§;
acyl grpup.is acetic acid, when used in the plural, i.e., "ferri-
chromes"', | it is intended to mean all and any of/ the analogues which
may differ in the residues'ét sites 1, 2 or 3 and:in-the acyl group
of the hYdroxémate functibn; | | o

We have»already investigated the PMRvspectraioflmetal-ftee ferri-
chrome, ferricrocin'and fefrichrysin to see how fhe‘émino acid substi-
tutlons affect their solution conformatlons (Lllnés 1971; Llinds,

Klein G Nellands 1971) . Purthermore,_the spectra of the chelates
might prov1de comparative data which WOuid enable a mdre comp1ete assign-
ment of the resonances to absolute poSitions in the peptide'ring.

The data preseﬁted in afprevious paper'for ferrichrome (Llinds,
Klein § Neilands, 1970) will be compared with those for the analogous
seryl-cqntaining peptidég ferricfocin, ferrichrysin.and férrichrome A.

As in the case of ferrichrome, aluminum will be'substitufed for iron iﬂ
order to 6bviate the 1ine broadening caused by the paramagnetic ferric
ion. The gallic (Gafs) chelaté of ferrichrome, galiichrome, will also

be compared with alumichrome.-

The primary structure of ferrlcrOC1n is LGly SerZ-Gly —OrnS-Orn -Orn1J

where Orn stands for 6-N-acetyl-~-N-hydroxy-L-ornithyl (Keller—Schlerleln
& Deer, 1963; Llinds, 1971, Llinas, Myers § Neilands, 1971). The PMR

5 chelate (henceforth "alumicrocin') is entirely con-

spectrum of its Al
sistent with this sequence. Ferricrocin thus differs from ferrichrome

in having L-seryl substituting for-th§ giycyl résidue at site 2.
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" ferrichrome A. PFurthermore, the value of the Al"

Ferrichrysin and ferrichrome A have the same amino acid scquence
(Neilands, 1966; Keller-Schierlein, 1963). In common with ferrichrome

and ferricrocin they contain the tetrapeptide H-ZNGlyl-Orn3 lCOOH

—Ornz—Orn
but close the ring with L,l-serylserine. Ferrichrysin differs from ferri-
chrome A in that its acylating group is acetic acid (as is the casc in
ferrichrome and ferricrocin), while in ferrichrome A it is trans-B-
methyl giutaconic acid. The Al+3 canplexes of deferriferrichrysin and
deferriferrichrome A are henceforth referred to as "alumichrysin'' and
"alumichrome A', respectively. Figure 1 summarizes the camposition of
the compounds to be discussed here.

A Comparative conformational study of the particular ferrichromes

investigated here is justified by their common posseéssion of the tetra-

peptide containing the tri(§-N-acyl-6-N-hydroxy-L-ornithyl) sequence

" (see above) responsible for the binding of the metal, and also by the

evidence furnished by optical rotation studies in the visible and near
ultraviolet. Blrer and Gulyas (1966) showed that ferrichrome, ferri-
chrysin and ferfichrame.A have the same configuration around the central
metal ion, namely, that of a left-hand propeller as found in crystalline

3,and Ga"> complexes

5 peptides has been

as functidnal conformational analogues of the Fe'
supported recently by biological transport experiments with Ustilago
sphaerogena (Emery, 1971).

Our.main objective will be to analyze the resonance éssignment
problem and to establish.more definite evidence for the conformational

model (Fig. 7). The perturbative effects of singlé residue substitutions

on the overall ﬁeptide conformation will also be discussed. Thus, we
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will dealvmainly with tpe differcnces in the chemical shifts between
the analogues rather than with their particular values. . The latter have L
been dlscussed in Paper I'(Lllnés Klein & Nellands 1970) for aluml- .-

chrome and the arguments7can'be extended readllyAto_the'other peptides.

Experimental

The source.of ferrichrome, ferricrocin; ferriChrysin and the produc-
tion of‘thevcoresponding'metal—free'peptides hare been_described else-
where (Lllnas 1971 Llinds, Klein & Nellands 1971).

Ferrlchrome A was prec1p1tated from ‘the concentrated growth medium

of Ustllago sphaerogena-at pH 2.8 and twice recrystalllzed from water in < i

a yield of‘0.45 g/l. The K" salt of the metal-free peptides (Emery §
Neilands, 1960) was crystaliized by addition'of_three equivalents of
alcoholic KOH to a’solution'Of'the free'acidldn Qarniethanol.

Gallichrome, alumicrocin, alumichrysin and alumichrome A were
obtained by'reacting the metal-free peptides with the hydroxides of the
respectiﬁevtrivalent metals asdpreviously descriBed for alumichrome
(Llinas, Klein § Neilands,|1970). Alumlchrome A was readlly crystalllzed
from aqoeous solution at pH 2.5-3.0. All the other peptides, whether |
metal- free or coordlnated were oesalted by gel flltratlon tnrough
Bio-gel P2 " The samples were then evaporated and stored over PZOS
under reduced pressure. By reference to alumlchrome (L11nas Klein
& Nellands, 1970) the HWR spectra showed that chelatlon was complete .
and that the samples were pure (see results)

The:EMR instrumentation and spectroscopic méthods have been

. desCribed,in previous papers (Llinds, Klein § Neilands,r1970 §v1971).




Results )

. The 220 Miz PMR spectra for alumicrocin and alumichrysin, in
(CDS)ZSO at 45°C, are shown in Figure 2. The regions cogpled by proton
spin-spin interactions are shown connected by arrows. The overall
spectra can be comprehended in a manner similar to that fbr alumichrome
(Llinas, Kléin & Neilands, 1970), taken under similar conditions. The
latter may serve as a guide for‘an approximate identification of the
resonances in the analogues. However, the substitution of glycyl resi-
dues in ferrichrame by one and two seryl residues in ferricrocin and
ferrichrysin, respectively, results in a few new resonances.

The sefyl C,OH resonances occur at about 4.97 to 5.21 ppm from TMS;

B
due to coupiing to the pair of B8-hydrogens these resonances are triplets.
Identification of amide NH resonances as belonging to glycyl or

either ornithyl or seryl residues is readily accomplished from their
multipiet structure since the first appear as triplets and either of the
latter two as doublets. It is possible to distinguiSh between the seryl
and ornithyl resonances on the basis of the sequential spin-spin coupling
connections: NH (doublet) <> C 1 < C

H « C_OH for the seryl and NH

8 8

(doublet) « Caﬂ_++ CH «» CYg_for the ornithyl residues.

8
Chemical shifts and resonance assignments are given in Table I.
These aSsignménts are based on the positions of the amide Nﬂvand (seryl)
CBOﬂ.resonances and on the proton spin-spin coupling connections estab-
lished by homonuclear double resonance experiments. Resonances assigned
to amid¢ NH and seryl Csogbwere confirmed by the disappearance of these

peaks upon dissolution in DZO' This exchange r?sulted, in turn, in a

collapse of the corresponding spin-spin coupled resonances.



~‘and 197ij we resort here to the convention of USing subindices to denote

-8~ .
As in the previous communications (Llinds, Klein § Neilands, 1970 !

the orderihg of the amino acid rcsidues in accora with their order of

appearancé in the PMR spéctrum and superindices when referring to the - -

absolute ﬁeptide sequence.(s) o V : ) | oo
By réferencé to our preceding ﬁaper (L1inds, Klein § Neillands,

1971) itféan be observed that profound spectralJchaﬁges arc induced

upon chelation of Al+3.

“The'chénges aré‘qualitétivély similar to those
observed in the ferrichrame peptides (Llinds, KléinA& Neilands, 1970)
and, as in that case, are more extensive in the amide NH region.

Cons tancy of bpsition of the aliphatic proton.feéohénceslof equiva-
lent(xe$idu¢s at Correépbnding-éifes is more noticeable in the aluminum
than in the metai—freé peptides [compare data in_Téble I with that in
(Llinés‘,. Klein ‘§ Neilands, 1971)]. An outstand'iﬁg example is the Orn,
Caﬁ,'which appears as an isolated band at 4.75 ppm in alumichrome (Llinds,
Klein § Neilandsy 1970), 4.74 ppm in alumicrocin and 4.72 ppm in aluni-
chrysin; 'The amide NH resonance for this résidue &oes‘not'shbw such a
constancy and thus reflects its more subtle senSitivityvto the environ-

ment, degree of exposure to the solvent and extent of hydrogen. bonding.

'For these reasons, the amide NH resonances prove to be excellent confor-

mational'ptqbes and the'discussion,that folléwSVWill_be centered on them.
The;teﬁperature dependéncg of the amide NH chemical shifts, in both
H,0 and in (CDS)ZSO,'fdr_alﬁmicrocin'and-alUmicHrysin are shown in
Figure 3.: The lineé are-iéast squares fifs of the experimental points
and thelslbpes are indicated in pareﬁtheses.~ As discﬁssed for deferri-

ferrichrome and alumichrame, the slopes of theééflinear plots serve as

/



useful indicaédr§ of the extent of protection (whether by steric
shiel&,‘iﬁg, iritrar!rlolecular hydrogen bonding or both) of the particular
amides within the peptide s'tructuré;. - The wider range in slopes shown
by the alumi- versus the deferripepfide's support_s' this contention
(Llinﬁs, Klein § Neilands, iQ?O and'. 1971). L

~ The amide NH chemical shift temperature- ideﬁendence for alumicrocin
and for alumichrysin in water are shown in Figurés .3,- a and c. The
spectra of: these peptides in this solvent or in DZO ._are not presented;
“aside from the relative shifts of the amide NH resonances the rest of
the spectra differed little from that in (CDg),SO (Fig. 2b).

Protdﬁ spin-spin coupling consta ¢s for amide M:I.—Caﬂ ‘interactions

‘UNC) for '._alumicrocin and alumichrysin in water and in (CD3) 28(5 are
giv| n in Ta.ble II. The values are averages of determinations at dif-
ferént temperatures within the range of the chemical shift temperature
dependence studies, this treatment béing justifiéd by an apparent inde-
péndence of the JNC on fcemberature within the experimental errors. Only
those amide NH resonances whose multiplet stru_ct’uré could be- resolved
' satisfactorily or estimated from line shape are reported. Ih general,
and as was- the case for alumichrome, glycyl amide NH triplets were father
poorly fesdiyed. Thus, for GJ.y2 in alumicrocin vvthe reported JNC was
estimé.ted from the line shape. The small spiit’ting of Ser at site 2 was
not resolved in water at pH 5.14, probably becau_sé of excha_ngé broadening,
and hence is not reported for alumicrocin or alumi_cﬁrysin iﬁ this solvent.
The degree of reliability of. th‘e.reported JNC'-s 'is- reflected m the
standard deviations and in most cases these 'ﬁnceftainties were small

enough to-allow useful conformational conclusions :to be drawn.
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"Tﬁe“PMRespectrum»of élumichreme A is not reported here since, apart
from resonanees ascribed to the differeht acyl greups, it is analogous-
to that of alumlchry51n (Fig. Zb) In Figure 4fthe;temperature depehdenees
of the alumlchrome A amlde NH chemlcal shlfts are represented for com-
parlson“wlth the correspondlng alum;chry51n plets (Flg. 3). These lrnear
pldts ehébie'an estimatioﬁ of the influence.othhe}aéyligroup substituent
of the hydroxamate functions éﬁ the overall stability of the peptides‘
The Jy Velﬁes,'averaged from these deta-invwéteriaf pH 5.14 [in (CD3)ZSO-
the amide Nﬂ_resonances'are t00 broad];-ére givep'in Table I1I(a).

Since the ionic radius of the diamagnetic Ce+3jion (ré'= 0.62 R) is

closer to that of Fef3 (ré = 0.64 ®) than is VA

(rb = 0.53'8), some of
the’H%R.speetral properties of gallichrome were examined. The complete
spectrum of gallichrome is not reported here; it‘did not'differvappreciably
from thatddf algmichrome, Suggesting, in agreemeht with the cell transport
eXperiments by:Emery:(1971)"fhat the'cohformatiod of the two chelates 1is
Veryisimilar" Because our analysis will be focused on the amlde'ﬂ
resonances as: conformatlonal probes for the whole peptlde in solution,

the amide JNC spllttlngs and ‘the temperature dcpendence of the chemical

shifts for galllchrome in water are reported in Table III(b) and Flgure S,

) respectlvely

Discussien_

An:éttempt will now be made to reach a defiﬁite assionment of anide
NH resonances from the comparative ev1dence prov1ded by the use of the
dlfferent analogues The requisite 1nformatlon-1s contalned dlagrammatlcaliy

in Flgure 6, where the chemlcal shlfts for spectra recorded at 56 S°C are

all referred to the methyl peak in: tert butyl alcohol LTBA)



" leave the Orn

- which should result in constancy of its chemical shift on going from

..11_
The amide NH region of alunichrome in (CD;),SO (Fig. 6a) allows one
to distinguish ornithyl from glycyl resonances, since the first are doublets

and the second triplets. On substitution of Glyz in alumichrome by Ser

in alumicrocin, the spectra show that the- triplet at 1674.5 Hz disappears

- and is replaced by a doublet at 1611 Hz (compare a-and b in Fig. 6).

This enableé assignment of these peaks to the residues at site 2. A
further substitution of the glycyl residue at site 3 in alumicrocin
by a se;-yi in alunichrysin eliminates the triplet at 1259.3 Hz and
results in the appearance of a doublet aﬁ 1356 Hz (compare b and c,
Fig. 6). Thus these resonances are assigned to the residue at site 3.
Since there is only one glycyl residue in alumichrygin, the assignment
of any NH triplet in this peptide is unambiguous. The triplet at

1706 Hz ‘is then assignable to the glycyl at site 1, invariant in all
the analogues. All the non-ornithyl amide NH resonances and those
spin-spin coupled to them are thus unequivocally assigned.

Insbection of the X-ray model of ferrichrome A (Figs. 1 and 7)
indicates that seryl-for-glycyl substitutions at‘sites 2 and/or 3 should
2 amide NH resonance relatively unpértﬁrbed, since ﬁhis
residue is hydrogen-bonded to its own side-chain and always sandwiched

3

between Orn1 and Orn”. Any perturbation originéting at sites 2 or 3 is

thus buffered, insuring a rather invariant enviromment for this proton
alumichrome to alumicrocin to alwnichrysin. Indeed, as can be seen in
Figure 6 a, b and ¢, there is only one ornithyl amide NH resonance
showing an invariant position in the three analogues, namely, the doublet

for Ornl. Hence this peak can be assigned to Ornz._ This assigrment is
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confinnedfby comparing the spectravof alumichrysin-and alumichrome A.

As shown in Figure 6, c and d, the Ornl M{'resonaﬁce is most affected by

the >ubst1tut10n of the ornithyl side- chaln acyl group ' The mnide

hydrogen best 51tuated to sense thlS partlcular perturbation should be

" the one that 1s hydrogen-bonded to the hydroxamate group, namely, Orn2
(Figs. 1 and.7). ' | |

| The substitution of the glycyl residue at eite 2 in the transition

frombaluhichrome to alumicrocin also'permits aSSignﬁent of the Orné NH

resonance'to'Orns.

As is shown in Fi,ures 1 apd;7; the particular
location of-the‘OrnS'amide hydrogen,_lyiﬁg:immediéfely adjacent to the
T electron cioud of the pepiide'bond between tne_amino.of Glyl'and the
carboxyl of the residue at siteiZ; should make its chemical shift rela-
tivelyVSeneitive to the.substitotioh at the'ietter;site; Furthermore,
the peptide‘bopd‘between‘residues at SiteS'Z and 3 will be sensitive to
the residoe substitutdon at'eitherbsite or bochf>:ACCording to the X-ray
model (Fig. 1) orn® is transannularly hydrogenrbonded to the carbonyl of
the residue at site 3, and hence it shoUld‘sense.the'substitution at
51te 2 and reflect it in a resonance shlft As.can be seen in Figure 6
(compare a and b), of the three ornlthyl resonances, Ornz‘is the most
affected by the substltutlon |
Srmllarly, it may be argued that the seryl- -for- -glycyl substltutlon
at site 3 should also affect the local susceptlblllty felt by the Orng
amide hydrOgen 51ncevth15 substltutlon now d1rectly affects the carbonyl
at site 3 to whlch this amide is hydrogen bonded Thls 1s con51stent :
w1th the observed shift of the Orn, NH resonance-on g01ng from alumicrocin
to alumlchry51n (Fig. 6, b and c). . However, thlS substltutlon also

affectsrche-chemlcal shift of the Orn3 NH resonance ~ Since the Orn1 and

Ornz'orﬁithyl doublets have already been assigned, by elimination, the
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Orng Ng'résdnance can be assigned to ornl. As shqwn in the steric
model (Fig. 7), this particular amide hydrogen liés buried within the
pouch formed by the three coordinated ornithyl side-chains and the peptide
béckbone'plahe. Hence substitution of the glycyl at site 3 in alumicrocin
by seryl iﬁ alumichrysin is operationally equivaleﬁt to a substitutiocn of
a single o-hydrogen by the bulkier seryl side-chain, which results in
further covering the Ornl amide hydrogen. Such increase in the steric
shielding should result in a shift of its resonance to higher fields,
whichﬁis observed. |

It should also be noted in comparing the spectra of all the alumi-
peptideé in (CD3)250 that the Gly} NH resonance shifts 16 Hz towards lower
fields in the transition from alumichrome to alumicrocin, and this can
be attributed to a direct perturbation of its local sﬁsceptibility by
the seryl-for-glycyl substitution at site 2: it'is hence a nearest
neighbor effect. In the progression alumicrocin - alumichrysin - alumi-
chrome A the position of the Glyi NH resonance remains‘practically unaf-
feéted. Since the compositional replacements ére rather remote from
site 1, this lack of effect is entirely consistent with a proton at this

site that_is fully exposed aﬁd which does not interact with variant and

| distant parts of the molecule.

Although the seryl-for-glycyl substitut%Pn should be expected to
affect thevéhemical shift of the Orng amide NH resonance, its direction
is difficult to predict since the steric modifications brought about by
the substitutions could result in minor displacements of this hydrogen
atom such.that its net anisotropic electronic shielding would be afchted.

With this reservation, it can be stated, however, that the shift towards
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15&55 fields observed for the’Orng amide Nﬂ_tesonance on going from
alumichrome to alumicrocin and then to alumiCthSinuis'consistent with a
strengthenlng of the transannular hydrogen bond. - It should be noted that
the bulkler seryl side-chains by themselves should result in increased
steric shielding and hence in shlfts towards hlgher fields, which are not -
observed. hA‘similar effect seems to'operate on the amide Ni of the resi-
due at .site '3._ The amide NH of the 'giycyl' residUe _ocCopying this site in
alumichrome;apnears little:affected by.the Subatitution at site 2 on going:
fram alomichtome to alnmicrocin’(Fig; 6 a and b);& Howeyer,'on going from
alumicrocin.to'alumichrySin the Nﬁ.re$onance ofvserg'appears shifted to
lower fields with respect to Clyg in'alumicroeinland'Glyg in alumichrome
(Fig. 6 b and c). The effect of the seryl-for-glycyl substitution at
site 2, alumlchrome > alum1croc1n, is to shift the NH resonance at this
51te to hlgher flelds This probably reflects add1t10na1 steric shleldlng
by the bulkier sery1;51de4cha1ns. By contrast, 1n‘g01ng from alumicrocin
to alumichrysin the shift of ‘the amide NH resonance of the residue at
site 3 is " towards lower flelds "We interpret this.as a strengthening
of the ResSNH O- C-Orn® transannular hydrogen bond. ~The relative rates
of hydrogen—deuterlum exchange in DZO suggest an 1ncreased stability in
the peptlde conformatlon as the number of seryl re51dues increases, whlch
furtheresupports this interpretation. A detalled:study of the compafative
amide hydrogen exchange will.be reportedhelsewhere"see Llinds, 1971.

It has been noted above (see Flg 6) - that on g01ng from alumlchrome
- alum1croc1n - alumlchry51n 1n (CD3) S0, negllglble ‘shifts ocaur in the
Orn1 NH resonance although, in agreement with the 1nterpretat10n of H- bond-
strengthenlng, the transannular Orng NH does show a resonance ShlLt from

1471.5 Hz_+,l493 Hz + 1511.5 Hz. In water, however, where the seryl s;de-v
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chain solvation is stronger, the shift.of the Orng NH resonance is found
to be more pronounced: from 1509 Hz -+ 1534 Hz f'1597 Hz. Indced, in
water, even the Orn% NH shows a chemical shift in going from one'anaiogue
to the other (1953 Hz ~ 1963 Hz -+ 1597 Hz), which ié also in a direction
that suggests a stronger H bonding. 'Consistent Qith this trend, a shift
of 61 Hz toward lower fields is £9und for the site 3 seryl N on going
from alumicfocin to alumichrysin in water.. In summary: the amide NH
chemical shifts of the different ferrichrome analogues in aqueous solu-
tion also ihdicate strengthening of intra@olécular H-bonds upon successive
seryl-fbr?glycyl substitution and allowsbﬁredictioh'of the overall trend
in the relative peptide conformational stability shown by the amide H-D
exchange studies and discussed elsewhere (Llinds, 1971).

The comparative analysis presented above on the amide chemical shifts
has made possible not only the achievement of a direct assignment of the
resonances, basea exclusively on PMR data, but also has rendered it
possible to reach a finer rationalization of the relative chemical shifts
of the amide NH resonances resulting from different perturbations. It
could be objected that since the chemical shifts 6f the amide NH
resonances are temperature aependent, the analysis presented on the basis
of spectroscopic data at 56.5°C might collapse at other temperatures,
thus invalidating the conclusions. As can be seen below, the temperature
will affect the magnitude of the relative‘chemiéal shifts for the
resonances diagrammed in Figure 6, but the comparative trends shown in
the anéleis above are, for our purposes, temperétﬁre independent.

Figure 3 a and ¢ show that in water, pH 5.14, the amide NH resonances

of Gly1 and Ser in alumicrocin and Gly and Ser1 in alumichrysin show
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largot tempcrature dependences than do the other four amidcs. Similarly;
- these two palrs of amides ‘exchange their hydrogen for deuterium much
faster than any other in the same peptldes upon. d11ut10n in DZO ThlS
is snnllar to the behavior of the Gly1 and Gly2 amlde NH's in alumi-
chrome under 51m11ar<c0nd1t10ns and 1s entlrely con51stent w1th a peptide
backbone conformatlon where the amldc hydrogens of residues at sites 1 and
2 are exposed to the solvent. It is then 1nterest1ng to note -that although
for alumlchrome and alum1croc1n in (CD ) SO the resldues at sites 1 and 2
also~show.h1gher temperature dependences such does not occur with alumi-
chry51n Here Gly st111 shows a higher slope but Serl gives a reduccd
slope, as 1f thls amlde had become rclatlvely more protected in (CD ) SO
Inspectlon of a- space f1111ng model constructed on the basis of the struc-
ture deplcted in Flgure 7 suggests contact 1nteract10n of the amide hydrogen
at site 2 ‘with elther its own or the site 3 (;_g_) Ser ) seryl hydroxyl
oxygen Slnce the effect is absent in alum1croc1n, it appears llkely
that in solvents of low polarlty the amlde of Ser (51te 2) could be
hydrogen~bonded to the seryl,hydroxyl of the resldue side-chain at site 3
only when solvation effects on these hydfogen-bonding groups are reduced,
i;§;, in‘dtmethyisulfoxidevbut‘not in watertvahere is an alternative
'possibiiity to be‘considered however, i.e., that the'protection of the
_Ser1 amide NH be a consequence of minor conformatlonal dlfferences between
alum1croc1n and alumlchry51n and/or between alumlchry51n in water and
in d1methy15u1fox1de whlch could result in 1mproved sterlc shleldlng

by the seryl side- chalns w1thout 1ntramolecu1ar H bondlng Indeed, since

2
1

resonance 1s towards hlgher flelds (Plg 6), 1t 1s suggested that steric

4

on golng from alum1croc1n to alunlchry51n the shift of the Ser NH
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shielding rather than intramolecular hydrogen bonding is the cause of-
its hindrance to interaction with the solvent in dimethylsulfoxide.

The remaining four amides show, in all the analogues, smallcr tcm-
perature dépendences as judged from the absolute values of the slopes.
They may be classified as ''internal', whether H-bonded or not. The Orn3
NH was éssigned primarily to the buried amide hydrogen of Orn1 which, in
the stefic model (Fig. 7) is ﬁot hydrogen-boﬁded. The thermally acti-
vated unfolding of the peptide should result in exposure of thié anide
for hydrogen-bonding to the solvent, hence in an increased deshielding,
in agreement with its poéitive slope in allvthé anéiogues (Figs. 3a,b;
3c,d; 4a,b; 5; and Paper I). The reduced slope in (CDS)ZSO relative to
water might be a manifestation of a tighter strucfure in the less polar
solvent because of reduced ionic dissociation of the complex. Thus the
amide NH of the residues at sites 1 or 2 (freely exposed, intermolécularly
H—bonded; i.e., large negative slopes) and Orné (deeply buried, not
hydrogen-bonded, i.e., small positive slope) exemplify two extremes.
Intermediate cases aié the'Orng, the Gly or Ser at site 3, and Orni.

Orn2 is'assigned to Orn3 paired to the site 3 residue in a type of 8-fold
structure. As discussed previously (Llinds, Klein § Neilands, 1970),
these two amides are conformationally quite equivalent. The temperature
dependencé of the amide chemical shifts tends to shggest a more prétected

location for the site 3 NH than for the Orn, Nd within the molecule, as

2
the positive slope for the Orn% resonance indicates. By contrast,

O show that the Orn Nﬁ_

2 2
exchanges more-slowly than does the residue at site 3, suggesting that

thdrogen-deuterium exchange experiments in D

- the former is more stable with regards to interaction with the solvent
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than isithe'latterr 'The'enhanced kinetic stability of the Orn2 NH -
against hydro;,cn exchange might be attrlbutable to a strongcr trans-
annular hydrogcn bond relative to the re51due at 51te 3. Finally, the
reduced temperature dependence of the. Ornl N resonance (attrlbuted to
Om ) can be rat10nal1zed accord:ng to the conformat10na1 model in
Flcures 1 and 7, whlch shows thJS amlde is attached to its own side-
chaln in a relatlvely short H -bord. |

Flgure 4 aand b reveal 51m11ar plots for the amlde NH's of aluml-“
chrome A. 'Comparlson with the equxvalent plots_for alumlchry51n (Flg.
3¢ andd) shows'that the overall pattern of theseVplots is very similar
for both‘anaiogues{ Like alumichrysin, alimichrome A also shows the
drasticvchange in the'Ser1 Nﬂ_slopeIWhen going fromlwater to dimethylsul-
foxide. 'AltHQUgh a direct 'cvom‘parivson of the tenper'atore dependence plots
for‘alumichrysin and alumichrome A in'(CDS)ZSO mlght be tenoous, given

the acidiC_charaCterjof the]solUtion of the latter peptide, the smaller

differences in slope'o£~the corresponding'amldes'in hoth-compounds indi-

cate minor conformational'stabilit?:differences'”'These can be attributed
to dlfferent ornithyl side-chain acylatlng groups in the two compounds .
The larger absolute values of the alumlchrome A slopes relatlve to alumi-
chry51n suggest the B-methyl glutaconate contalnlng peptlde to be con-
formatlonally less stable than the acetyl analogue These differences,
which are not apparent from the pattern of the amlde-NH-resonance region
“ of the spectra, are hlghly'magnlfled in the hydrogen-deuterlum exchange

behav1or, which is in complete agreement with thlS view (Llinds, 1971).
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Similar comparisons can be cstablished bgtweén gallichrome and
alunichrome, whose amide N temperature dependence plots for their
aqueous solutions are given in Figure 5 and in Paper I.\ Thus, while
Glyl, Gly_2 and Orn2 show similar slopes, those amides that are closer
to the metal, namely, Orn%, Glyg and Orn%, are those that are more
affected. This might be a reflection of a different conformational
stability and/or degree of exposure around the coordination center
resulting from the different ionic radii and binding affinity for the
two metal ions. This interpretation is again confirmed by the hydrogen-
deuterium exchange behavior in DZO’ which clearly shows that the slowly
exchanging amides exchange fastér in gallichrome than in alumichrome.
We have established the assignment of the resonances to the abso-
lute amino acid sequence in the alumipeptides, ‘and demonstrated its
consistency with the X-ray model on the basis of the gross hydrogen
exchangé behavior of the amides and the temperature dependence of their
chemical shifts. It is now of interest to calculate the ¢ dihedral
angles-for'all the analogues, as was done in Paper I for alumichrome,
from_the measured splittings for each NH doublet. For alumichrome,
the correspondence between the X-ray and the PMR data was éufficiently
close to allow a correct prediction of the ornithyl resonance assign-
ments. The analogues examined here introduce one and two seryl residues
in aluﬁicrocin and in alumichrysin respectively and thus provide two
new doublets to which the formula of Bystrov, PortHOVa, Tsetlin, Ivanov
and Ovchinnikov (1969).can'be applied.  The ¢ dihedral angles, calcu-
lated frém amide Nﬂ_reSGnance doublet splittings measured in water and

in (CD,),S0 (Tables II, III, and data in Paper I) are shown in Table
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Gthn thc rather large uncertalniles 1nherent in the fornula ustd the
dliferences between the calculatcd angles for correspondlng residues in the
analoguesfmight be more significant-than the absolute values of the-angles.
These differences reflect both solvent effects endjinherent minor confor-
matlonal dlfferences among the analogues Small conformatlonal dlfftrences
between galllchrome and alumlchrome and between alumlchrySLn and alumi-
>¢,.ma]][: chrome A are 1nd1cated 1n lable 1V(a) for aqueonsvsolutlons of these
peptldes. More significant, althougb still Small “are the differences
among alumlchrome alum1croc1n and alumlchry51n as suggested by the
Orn2 and Orn3 NH-C H ‘bond rotations. It is also interesting to note
here the constancy of the Orn1 ¢ angle which is - also a reflectlon of
the 1nvarlant conformation of this residue (see above). By contrast,
the rotation of the Orn3 .

. 2
crocin and from alumicrocin to alumichrysin might once again be a mani-

NHrCaH bond on going from alumichrome to alumi-

'festation;of minor rotations induced byidifferent”side-Chain‘Solvation
effectsfarieing_from'the.euecessiVe ser&l—for#glchl 5ubstitutlons. In
(CD3)250;_Table IV(b); the:trend'repeetsf 'the:yeriations in e are lerger

for Orng.and Orné

both Sergjend Orng'appears to be sensitive. to the solvent change,. another

“than fbr’Orn%. It is interesting to see that ¢ for

expression- _"of'the marked conformational effect of solvation on the
Serg side-chain. The ) angles reported by Zalkin et al. (1966) for crystal-
line ferrlchrome.A H O)4 are 1ncluded in Table IV(C) The agreement '

between the X-ray and the PMR.values 1is excellent for Ser%v | %, good

and Orn
'to falr (dependlng ‘on the partlcular peptlde) for Orng and Orné and'rela- '
tively poor for Serg ( The correlatlon between the X- -ray and the PMR data
thus eppears to deterlorate as the value of ¢,decreases. ThlS‘lmplleS

" a variable eccuracf of ByétroV's fonnuia to relate JNc_end»¢fover the

N
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entire range of values. In fact, the alumichromes provide an cxcellent
set of JNC values with which to adjust thc parameters appearing in the
semi—empiric;l formula on the basis of the X-ray éﬁgles. We have such
work in progress.

In view of the extent of agreement between the X-ray and PMRbangles,
.the values in Table IV suggest that alumichrome (and gallichrome) have
solution.cohformations closer to that of crystalline ferrichrome A than
"~ any of the analogues, alumichrome A i1 ~luded. This paradox might be
explained by assuming that the equation of Bystrov et al. (1969) is
insensitive to such minor conformational distir.ctions because of the
uncertaihty in the coefficients. However, solvation effecté on the seryl
side-chains, absent in alumichrome and maximum in alumiéhrysin and alumi-
chrome A; could be crucial determinants of conformation (Llinds, Klein §
Neilands;‘1971). The poorer correspondence between the X-ray and PMR
¢ angle for Serg mentioned above, might thus reflect the latter effect.
The Crystéllographic model might better-apply to alumichrame than to the
seryl analogues in solution because of the relative absence in that pep-
tide of solvation pressures on its backbone. |

The PMR data for thé alumichromes is thus entirely consistent with
the X-ray model. The solvation effects that perturb this conformation
are rather small and involve rotations of the bonds along the peptide
" backbone.. Such minor conformational differences would affect the distances
between the site 3 and Orng amide NH and carbonyl groups and hence modify
the relative strength of the paired transannular hydrogen bonds. This would
slightly refine the X-ray model and suggestsfhe possibility of a modified

B-fold structure for the metallo-peptide backboné, as shown in the model

(Fig. 7).
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| However, is the X-ray model the one most eonslétent with the PMR
data9 Or ln other words, "to what extent is the mapping between the
measured parameters of the alumlpcptldes' PMR spectra and that conforma-
t;on unlque? Gibbons, Némethy, Stern and Craig (1970) have recently
reviewed oritically the general problem of COnformatiOnal analysis of
peptides 1n solutlon on the basis of HMR data ~As in the Russian school
(see, _;g__ the PMR conformatlonal analy51s for ennlatln B, Ovchlnnlkov
22.21:) 1969) these_authors haue‘emph351zed the yalue»of a set of ¢ angle;,
determinedbfrom'é'KérnlusFBYStrov type relétionShib,lfor:evaluation of
the energetically accessible regions of the‘w-o'Conformétional map. The
problem is airected towards a computational search for the minimal confor-
matlonal energles con51stent with the set of derlved ¢ angles. It is
curious that for the case of gram1c1d1n S, energy mlnlmlzatlon calculations
(Momamy, Vanderkooi, Tuttle § Scheraga, 1969)Khaye 'shown that when the
iteratiue.calculation is}Started from a Hodgkin~0ughton-schwyzer model,

for Whieh the PMR evidence is excellent (Stern, Gibbons § Craig, 1968;

" Ovchinnikov gtlel., 1969), the resulting structure has an energy lower

than'for any otherVStructure‘previouSly computea" Similarly, the confor-
mational analy51s of cyclohexapeptides by Ramakrishnan and Sarathy (1969)
shows relatlvely good agreement between the crystalline ferrichrome A
structure and the minimm energy (Schwyzer type)_conformatlon derlved
under tne constraints of twofoldvsymnetry with lntramolecular hydrogcn

bonds. Since the latter calculation did not restrict itself either to a

fixed set of ¢ angles or to the steric requirement of (0ptically active) -

metal coordination'by the ornithyl side?chéins , these results again indi-
cate that the X-ray model sllghtly perturbed in each case by the parti-

cular prlmary structure of each analogue is most llkely the only one
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~compatible with the variety ofleR data reported here for the alumichromes
in solution. It should be stressed, howcver, that it is the comparav.ve
PMR evidence provided by the different analogues that has allowed us to
justify such a model with absolute independence from the X-ray data
except, of course, as a most useflul working hypothesis.

The above discussion has been based on the view that thé observed
PMR spectra correspond to the fundamental, ground state, and statistically
most significant, conformation of each peptide. Although the rolc of the
metal in stabilizing a certain conformation is obvious, the picture reached
is static: it provides no major clues regarding the extent of the confor-
mational stability. This aspect of the problem, namely, the dynamics of
the conformation of the ferrichromes, has been approached through study
of the kinetics of the amide Nﬂ.hydrogen‘deuterium exchange (Llinds, 1971)
and through measurements now in progréss of the relaxation rates of the
nuclear resonances.

This research was supported in part by U. S. Public Health Grant
No. AI~O4156? National Science Foundation Grant No. GB 5276, and the

U. S. Atomic Energy Commission.
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Footnotes ,
(1) (a) Paper I: M. Llinas, M. P. Klein, and J. B. Neilands, J.

Mol. Bidl,,_gg} 399 (1970). (b) A preliminary report was prescnted at

the Joint Western Regional Meeting;of the AmericanvChemical'Society and
the Society for Applied Speétroscopy, San‘FranciSCQ, California, October
6-9, 1970. (c) Taken in part from the Ph.D. dissertation of M.L1. at the

University of California, Berkeley, 1971.

(2) Abbreviétions used: PMR, protdn.magneticlresonance; p.p.m.,
parts per million; TMS, tetramethylsilane; TBA, tert. butyl alcohol;

d6-DMSO; deutero dimethylsulfoxide.

’(3) T6-minimizé the pogsibility of confusion in the\compafisdn of
spectra of the analogues, a gi?en non-ornithyl residue is labeled with
a superindex according‘toithe site it occupies'ih'thé absolute sequence.
This follows -the order used by Zalkin et al. (1966) but differs in that
it stresseéfthe'sité occupancy rather than the ordinal numbervof
appearancé»of a given type of residue in the séquéh¢e. Thus, Gly1 in
ferrichryéin (and in‘ferrichrome A) is ghe-on1y giy¢y1 fesidue occurring
in the peptide which would not, otherwise, require;any\supérindex. Simi-
larly, Ser2 denotes the seryl residues at site ZIirrespéctive of whether
it is the only one (as ié the'case’of ferricrbcin)AOr thé first one (as

is the case of ferrichrysin and ferrichrome A). We summarize here (refer

- also to Fig. 1) the convention followed throughout the text:

site 1 .site 2 site 3

 ferriéhrome » Glyl : Glf? ' Glys
ferricrocin - | Gly1 Sef2 .v Giy3

) "t;férrichrysin | ‘ Gly1 | ‘Sefz ' Ser”
[ - 1 o 3

ferrichrome A Gly Serz
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With the ornithyl residues no ambiguity is possible since the labeling

is the éame for all the ferrichromes and is identical to that used o
Zalkin gﬁ,gl; (1966) .~ The use of subindexes follows the convention
establiﬁhed previously. Thus, Glyj denotes that glycyl residuc whose
amide isvthe j-th glycyl NH to resonate in scanning from low to high
fields. The subindex thus refers to a particular épectrmn. Occasionally
double labeling, such as Orng, has been used in order to stress the fact’
that we are referring to the second ornithyl NH resonance already assigned

to the third ornithine in the amino acid sequence.

" (4) The relation is Jycthz) = (8.9%0.9)Cos%6+(0.9%0.9)sin%-(0.9%0.9)
Cos 6. ¢(=240-6) is defined aécording to the convention of J. T.
Edsall, P. J. Flory, J. C. Kendrew, A. M. Liquori, G. Némethy, G. N.
ﬁamachandran, and H. A. Scheraga, J. Mol. Biol., 15, 399 (1566).
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Table I

Alumicrocin - Alumlchrys in

‘c;1>?1‘_ - Gly, Sér - ) Ornl - Orn, ,om?3  Sery Ser, - Ornl orn, _‘_'Ornﬁ.
Ni  8.94  6.85 8.5 10.04 7.93  6.46 8.07 7.8 10.03  8.00 16.33
CH 379 3.74  3.99 416 474 42 4.02 4.06  4.23  4.72  4.11
CH 3.7 1.69  1.75  1.09  3.56 3.0 1.66 ~1.79  1.08
ch
CH |
CoH 4.97 5.07  5.21 N o
G, - - 207 - - - - - - - --2.07---"+-
Nt ‘

‘ Chemlcal shifts, referred to TVIS (ppm).,. of alumlcrocm and alumlc;ln')sm in (CDS) SO, at 45 o
* and 220 Miz. Labeling of residues and their resonances- follows the convention given in the text '
Resorances ordered under the same column are assigned to the same residue(s).

The CH res onance

is, as for the cases of alumichrome, ‘the average position of three closely spaced narrow- peaks.

_82-
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Table II

Alumicrocin Alumichrysin
_ Giyl Glyz’ Ser Orh1 Orn, .brns Glf Sery Ser, Orn; AOrnz - Orng
H,0 5.2 3.7 5.3 6.9 9.0 n5.6 4.8 5.5 7.3 7.8
%o foa 0.2 0.z o %0.2 0.1 foar fo.z Yo.z
(CD;),80 5.5 3.6 2.9 5.4 7.1 9.1 5.5 2.1 3.7 5.6 6.9 8.5
0.0 Yoz oz toa o foar toa oz toz foz foa toa

Spin-spin coupling constants (JNC) in Hz between amide NH and CaH protons for alumicrocin and
alumichrysin in water at pH 5.14 and in (CDS)ZSO' Residues are labeled as in Table I. Values are

averages derived from determinations at different temperatures. The uncertainties are their standard

deviations. In water the JNC splitting for certain seryl amides could not be resolved and are not

reported. Poorly resolved splittings are indicated by ~.

1
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" - Table ITT
S Mumidwoen T . Gailidir'ome_" |
" Gly "*"Seri Sefz' Orn,  Orn, Ornsb Gly,  Gly, }selys - orng orm,. _fofﬁg
"~5;$ 4.8 5.3 7.3 7.5 5.9 4.6 “4.2 - 5.6 .7.6' 8.8
0.2 | 0.1 foa 01 ‘o 0.1 Yol Yoz Yoz foar Yo
»Spinfépin coupling constants (JNC) in Hz(between amide Nﬂ;éﬁa Caﬂ_prOtons for alumichrome A

and gallichrome in water, pH 5.14. Residues are labeled conventionally in the order the:NE_resonancés

occur in scanning from low to high field strength. The‘splitting for the.S'er1 NH resonance in alumi-
chrome A is not given because of lack of resolution. Alumichrome A tricarboxylic acid, dissolved in

(CDS)ZSO’ shows excessively broadened amide resonances; hence it is also not reportéd here. The more

poorly resolved splitting of the glycyl NH triplets are indicated by ~.

3 . )
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Tuble IV
Ser1 Serz Orn1 Orn2 Orn3
Gy ¢ En G G
a) HZO
Gallichrome 105 30 80
Alumichrome 105 30 83
Alumicrocin unres 107 24 79
Alumichrysin unres 10 105 27 89
Alumichrame A unres 10 107 27 91
- b) DMSO
Alumichrome ' 102 - 28 82
Alumicrocin 124 106 26 76
Alumichrysin 130 3 105 24 83
c) X-ray
Ferrichrame A 123 17 103 - 35 76
Ser2 Ser3 | Orn2 Orn3 Orn1

The ¢ dihedral angle between the I—__INCGand the NCa_Ij planes. Values
in a) and b) are calculated fram the amide NH - Cag doublet spin-spin
splittings (JNC) in water and in deuterodimethylsulfoxide respectively
and on the basis of the semi-empirical relationship of Bystrov et al.
(1969) . Numbers in parentheses, below the PMR labeling of the residues
at the top of the table, are uncertainties arising from Bystrov's expres-
sion rather than from experimental errors in the INe determinations. In-
c) the ¢ angles with their corresponding amides for crystalline ferri-
chrome A are the values reported by Zalkin et al. (1966) on the basis of
X-ray studies. The labeling of the particular residues according to an
arbitrary PMR classification (subindices) and the absolute sequence

. (superindices) follows the convention given in the text.




-32-

* FIGURE LEGENDS
Figure 1. v'St:;metur'e‘-‘of the ferrichromes investigated in this paper.

The numbers in circles label the sites and the. 6-[\1__-’va:cyl-'6-x_\{-hydroxy-1i-

ornithyl residues consistent with the convention used by Zalkin et al. (1966).

for crystalline ferrichrome A' (}{20)4. RZ and R_;‘represent side-chains

of those_'»glycyl or seryl residues at sites 2 and 3 respectively, sitc 1

being oceupied by a glycyl. residue ®Rl=s). R represents the acyl group

in the hydroxyamate moiety (acetic acid or trans B-methyl glutacomc acid) -~

and M represents the octahedrally coordinated trlvalent metal ion.  H-bonds
* found in crystalllne ferrlch:rome A are shown here by dashed lmes The

compositional dlfferenees among the ferrlchrome anal_ogues studied here

-

arer - - Lo P o ,
| »2 R R N
gallichrome S Gy Ga">
alumichrome H Ho o a at
alwmicrocin ol H o NN
alumichrysin GLOH  aboi aly N
alumichrome A - GLOH  GLOH Hy a3
CH,CO0i

All these peptldes contain the common tetrapeptlde sequence HZNGIyl-

3 1

Orn -Orn2 Orn™-COQH brldgmg between sites 2 and 3
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FIGURE LEGENDS (Cont.)
Figure 2. The 220 Miz PMR spectra of (a) alumicrocin and (b) alum-
chrysin at 45°C dissolved in (CD5) ,S0.  The peak marked U"solvent''
arises from the residual H in (CDS)ZSO and that marked ”HZO” results
from water residual after low pressure dessication over PZOS‘ The NH
resonances extend from 10 to 6.3 ppm. The peaks connected by light
arrows are Coupled by proton-proton spin-spin interactions and were
determined by double resonance. The resonances at ~5.0 and *5.15 ppm
arise from the seryl hydroxyl.protons. The peaks broadened by exchange
sharpen upon reducing the temperature to m20°C; the triplet nature of
the seryl CBO§_resonancés‘then becomes clearly apparent. The spectra

are referred to internal TMS.

Figure 3. The temperature dependence of the chemical shifts of the
anide NH protons of alumicrocin and alumichrysin in water at pH 5.14

and in (CD3)ZSO. G, S and O denote glycyl, seryl and ornithyl amide
protons, respectively, and the subindex refers to the order in which
they resonate in scanning from lcw to high fields. The numbers in
parentheéés are 10° times the slope of the corresponding lines expressed

3

in the graph units, i.e., -8.09 = -8.09 x 10 > ppm/°C. The chemical

shifts in both solvents were measured with respect to internal TBA.
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FIGURE LEGINDS (Cont.) -

.Figure;gl ‘Thé temperature dcpeﬁJcnce of the chemical shifts of the
amide Ni protons of alumichromg A in water at pH 5.14,.and in_(CUs)ZSO.
G, Sand O denote glytyl, seryl and ornithyl'amide prOtons respectively,
and the subindex refers to the order in which they-reéonate in scanning
from low to high fields. The numbers in parentheses are 103'timcs the . z
slope of the corresponding lines expressed in the graph units, i.e.,
-2.14 =';2,14 X 10;3 ppm/°C. The chemical shifts in both solvents were

measured with respect to internal TBA.

Figure S.: The temperature dependence of the chemical shifts of the
amide Nﬁ;brotbns of gallichroﬁe in water at pH.Sgld. 0 and G denote
ornithyl'#nd glycyi'amide protons respectively, and the sUQindex refers
to thé'ordef in Whiéh they resonate in scannihg from low to high fields.
The number ‘in pérentheses are 103 times the siopé of the corresponding
lines expressed in the graph units,-iég;, -2.13 = -2.13 x 107> ppm/°C.

The chemical shifts were measured with respect to internal TBA.

Figure 6. 'Diagramétic representation of the'amidé'Nﬂ_fésdnaﬁce region

of the ferrichrame analogues under various conditions. The spectra
were-all'obtained at 56.53C and referred to internél TBA. Triplets

arise from.glycyl NH protons and doublets deriVé from either seryl or
ornithyi*amides.. The seryl.and ornithyl resonances may be distinguished -
by tomparisoh of the spéctra‘of alumicrocinvz§balumi¢hrome, ahd of .
alumichrysin fé!alumicrocin, since a single sér&lfforfglycyl substitu--
tion occu:é.betWeen'each pair. Tﬁus in alumicfocin.the‘doublet which
occurs at 1611 Hz correspon&s to its single seryl'résidue. This

" resonance shifts to 1522.5 Hz in alumi.hrysin (the correspondence

\
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being~ascertained by their similur doublet splittings), while a second
,seryl-for-glycyl substitution (alumicrocin + alumichrysin) results in
the doublet at 1356 Hz and is accordingly assigned to a seryl residue

common to alumichrysin and -alumichrome A.

Figure 7. The solution confonmatioﬁ of the ferrichromes. Bonds along
the peptide backbone are drawn with heavier lines. H atoms are not
shown with the exception of the Zour amide hydrogens that manifest
reduced interaction with the solvent; of these, the one belonging to

1

Orn™ is buried between the peptide backbone ring and the chelated side-

chains and the other three are intramolecularly H-bonded. The proposed
H-bonds are: 1) between the amide proton of Orn3 and the carbonyl oxygen
of'Res3 (residue at site'3);.2) between the amide proton of R.es3 and the
carbonyl oxygen of Orns,.and 3) between the amide proton of Ornz‘and the
6-§;hydroxYl oxygen atom on the same residue. The first and third were
, predicted'from X-ray data and the éecond revealea by this work. A dis-
tinction is made between more (---) and less (+-+) stable H-bonds. For
all the férrichromes studied, the residue at site 1 is glycine’(Rl = H),

2 and R3

while R may be H or CHZOH (glycyl or seryl). R denotes methyl
for all the peptides except for ﬁgrrichrome A Where it represents the
Ezggng-methyl‘gluta;onyl group (see legend to Fig. 1). The conformation
depicted here is basic for all the alumichromes and for gallichrome;
however, for each compound minor Solvent*depeﬁdent'berturbations arise
which are apparent both in the PMR spectral ﬁarameters and in the amide
H-D exchange kinetics. Hence the relative strength of the intramolecular
H-bonds, as well as the degree of amide hydrogen steric shielding, varies

among the different analogues and from solvent to solvent.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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