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Figure 1. Detail of the HiPIP active-site environment. The;&ecluster
The factors governing the electron-transfer properties of non- and residues 4642 and 55-57 are shown as ball-and-stick figures. The

heme iron proteins have been the subject of extensive muta-side chains of noncoordinating amino acids are omitted for clarity. Amides
genesig; > theoreticaf~8 and small-molecule modeling studfed? replaced with esters are shown with the corresponding distance from
Structural studies have revealed that highly conserved networksamide nitrogen to sulfur: Val42 N- Cys40 S, 3.5 A. Ala57 N Cys55
of hydrogen bonds between backbone amides and metal-bounos_x 31 A The |IIustrqt|on was_created using WebLab Vlewer (Molecular
ligands are common features of metalloprotein active #tgs. Simulations, Inc.) with coordinates obtained from PDB file 1ISU.
While these interactions likely serve a structural purpose, back-
bone amide-ligand interactions are also thought to play a func- hydrogen bonds in Fds (8) than in HiPIPs (5), and this difference
tional role in the regulation of metalloprotein reduction potentials, has been proposed to contribute to the striking difference in redox
stabilizing lower metal oxidation states (i.e., the reduced form of thermodynamicg?222

the protein).’~° However, owing to the difficulty of removing

If NH---S hydrogen bonds stabilize the reduced electronic states

backbone active-site contacts without altering the overall protein of the FaS, cluster, removing these interactions should lead to

fold, a direct experimental assessment of their effect on metal-

loprotein redox potentials has remained elusive.

Proteins with tetranuclear irersulfur cofactors such as ferre-
doxins (Fds) and high-potential iron proteins (HiPIPs) typically
function as electron-transfer proteit® While these two families
of proteins have F&, cluster active sites with nearly identical
metrical parameter$,Fds cycle between [E8:]'" and [FaS,)>"
states with potentials betweerd00 and—600 mV (vs NHE),
while HiPIPs utilize [FgS4]?" and [FeS4®" cluster oxidation

proteins with lower reduction potentials??We have elected to
probe the functional effects of backbone Nt$ hydrogen
bonding on metalloprotein active sites by chemically synthesizing
a family of proteins based on thRhodocyclus tenui$liPIP
sequencé The redox thermodynamics of these proteins are
essential to their function as electron donors to photosynthetic
reaction centers 2> The crystal structure of the HiPIP froR.
tenuisreveals five conserved H bonds involving active-site sulfur-
backbone amide interactiofs.The shortest hydrogen bond

states operating at significantly higher reduction potentials, from involves the backbone amide of Ala57 and the metal-bound sulfur

~+ 200 to +400 mV. Comparison of Fd and HiPIP protein

of Cys55 (3.1 A). A somewhat longer distance separates the

structures reveals a greater number of conserved active-sitebackbone amide nitrogen of Val42 and the sulfur of Cys40 (3.5
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A) (Figure 1). In addition to the wild-type protein, we have
synthesized two backbone-engineered analogues, [O]Val42 HiPIP
and [O]JAla57 HiPIP, in which specific H bonds have been
removed by placing ester linkages at positions 42 and 57,
respectively?’

Chemical protein synthesis is a powerful tool for the study of
the molecular basis of protein functi@i®that allows the straight-
forward preparation of protein molecules with non-native back-
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tion at cysteine was used to join unprotected synthetic peptides 3
in agueous solution to give full-length apoprotéitcach analogue -
was made by joining the N-terminal peptide and one of three 3
C-terminal peptides with the appropriate backbone composition.
The N-terminal segment HiPIP {R24) was prepared, using opti-
mized Boc solid-phase peptide synthesis (SPPS) on thioester- i
generating resin, and was a synthetic precursor to all three 3
proteins3* Backbone-engineered variants of the C-terminal pep- 3
tides [O]Val42 HiPIP (25-62) and [O]Ala57 HIPIP (2562) were : L L L )
prepared by incorporating the appropriate hydroxy acid into the 300 200 100 O -100 -200

synthesis; I)-lactic acid was substituted for Ala57 in [O]Ala57 potential (mV)

HIPIP (25-62), and §)-hydroxymethylbutyric acid was used in  Figure 2. Square-wave voltammograms of WT HiPIP (green line), [O]-
place of the native Val42 in [O]Val42 HIPIP (2%2). The Val42 HiPIP (black line) and [O]Ala57 HiPIP (red line). Data are shown
appropriate hydroxy acid was preactivated with diisopropylcar- as collected vs SCE. Observed potentials: wild-type326; [O]Val42,
bodiimide (DIC) and hydroxybenzotriazole and allowed to react + 240; [O]Ala57,+ 200+ 10 mV vs NHE.

with the deprotected amino terminus of the peptide chain at room
temperature for 1 h. Following a DMF flow wash, the appropriate
amino acid was then activated with DIC and coupled to the
hydroxy group. The reactions were allowed to proceed for either
1 h ([O]Ala57) or overnight ([O]Val42), after which the peptides
were completed with standard Boc SPPS.

current

pH 6)37 The synthetic wild-type protein was found to have an
E°y of 326 + 10 mV vs NHE, typical for a high-potential iron
protein® The potentials of the analogues were shifted to signifi-
cantly lower values: [O]Ala57 (20& 10 mV) and [O]Val42
(2404 10 mV). These findings are consistent with the proposal
. . . that an active-site H bond stabilizes the reduced form of the
Following cleavage from the resin by treatment with anhydrous protein by attenuating charge density on the metal-boutts.
HF and purification by HPLC, the peptide segments were joined * chemical synthesis has provided access to a family of metallo-
by a native chemical ligation reaction. The appropriate HiPIP 5 qteins in which the effects of active-site hydrogen bonding on
.(25_62) pep".d‘? was dlssolveq with the HiPIP{24) o-COSR redox potentials may be directly measured. Removal of single
in 6 M guanidine hydrochloride, pH 7. The reactions were yqy active-site hydrogen bonds results in significantly lowered
monitored by analytical HPLC and electrospray mass spectrometry e qyction potentials. Our results provide a direct experimental
(ES-MS). Ligation reactions were complete after stirring overnight (ot of predictions based on crystallographi€, 2 spectro-
in the absence of exogenous thiol cataly&t$he full-length copic22¥¥small molecul140-42 mutagenesiéf‘3ana theoretical
polypeptides were then isolated by preparative HPLC and assayeditudieé&44~45that predict a functional role for active-site amide

for purity by ES-MS. Fractions containing the desired product N...s hydrogen bonding and its associated electrostatic interac-
were pooled and lyophilized. _ _ tions. By decreasing charge density on the ligand sulfur atoms,
Insertion of the F5, cluster was accomplished by treating @ these interactions favor lower metal oxidation states and more
solution of apoprotein with a 4-fold excess of ferrous sulfate and positive reduction potentials. Since this mode of hydrogen bonding
sodium sulfide under a nitrogen atmosphere. The resulting dark-is a motif found in many metalloproteins, modification of these
brown solution was then desalted by gel filtration. Electrospray jnteractions by backbone engineering may prove to be a useful
mass spectra of the colored eluant revealed the presence of holomethod for controlling redox properties in a rational manner.
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All of the HiPIP analogues were brownish-green in their resting http://pubs.acs.org.
state due to broad ligand to metal charge transfer (LMCT) JA0012180

transitions in their UV-vis spectra. The wild-type and [O]Val42 (37) All electrochemical data were collected on a Bioanalytical Systems
analogue had indistinguishable W¥Vis spectradmax = 250, 355 (BAS) model CV50-W electrochemical analyzer. Measurements were carried
; ; ; out using a normal three-electrode configuration, with the reference compart-
nm, In gé(ce”ent agreement with values .reported for recombinant ment separated from the working solution by a modified Luggin capillary.
protein?®® The low-energy |_-MCT manifold of the [O]_A|a5_7 _ The highly ordered edge-plane graphite working electrode was lightly sanded
analogue was broadened slightly, but the spectrum retains similar(600 grit sandpaper), polished with Q.81 alumina, sonicated in 4, then

; ; ; heated briefly with a heat gun immediately before use. For each of the proteins
Amax values at 250 and 355 nm. The circular dichroism spectra of studied, cyclic voltammetry (CV) revealed linear cathodic peak currents with

the three proteins were also similar, each featuring a minimum the square root of the scan rate. Cathodic and anodic peak separations ranged
at 204 and an inflection at 225 nm, indicating that the overall from ~70-85 mV at slow scan rates (20 mV/s), and increased slightly at

secondary structure of the proteins was not significantly perturbed faster sweep rates. Both CV and square-wave signals decreased linearly with
protein concentration. Potentials were recorded vs SCE.
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